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ABSTRACT OF THE DISSERTATION

A New Quantitative Method for the Taxonomic Identification of Tetrapods
by
Stephanie Novak Kuster
Doctor of Philosophy in Earth and Planetary Sciences
Washington University in St. Louis, 2009
Research Advisor: Professor Jill D. Pasteris

The rarity of good fossil samples throughout geologic time frequently makes fossil
identification difficult. This dissertation presents a new, multivariate, statistically
validated method to identify tetrapods based on quantification of the shapes of microstructural features in cortical bone of the postcranial skeleton. The ultimate goal is
to reduce the reliance on rare, near-complete fossil skeletons. The method is validated
on a set of 15,745 mammalian microstructural features from eleven diverse species.
An additional set of 21,122 microstructural features from one species serve to examine microstructural variation within a single skeleton. Microstructural measurements
were made on thin-sections using optical microscopy.
Initial tests of the method were applied to extant mammalians whose taxonomic
affinities were known. Three case studies comparing (1) the left tibiae from 11 mammals, (2) the mid-body of each left rib in Odocoileus virginianus, and (3) five crosssections from left rib seven of O. virginianus represented tests of inter-taxonomic,
intra-skeletal, and intra-bone microstructural variation, respectively.
ii

Principal Component Analysis of measurements on the tibiae of 11 mammals was
successful in discerning a taxonomic signal in the shape and size characteristics of
primary vasculature, secondary osteons, Haversian canals, primary lacunae, and secondary lacunae. No single microstructure or measurement is sufficient to account for
taxonomic variation. Rather, size, shape, and orientation of various microstructural
features, in combination, define and distinguish the taxa. Soft Independent Modeling of Class Analogy properly reassigned test samples from several taxa. In contrast
with the results from the multi-species set, analysis of the intra-skeletal and intrabone case studies revealed no pattern of microstructural variation. The data suggest
that the microstructural variation within a skeleton is small compared to variation
between taxa and that intra-skeleton variation will not affect the overall taxonomic
designation. All principal component analyses were tested and found to be significant
at the 95% confidence level using Multiple Discriminant Analysis.
This work establishes a methodology for using bone microstructural features as a
means for reconstructing taxonomic identity and supports continued research on this
methodology, with the goal of applying it to rare fossil specimens in order to enable
a next-generation approach to paleoecological analysis.
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corresponding to the feature type. Application of the Welsh algorithm
overprints the features (B), allowing for indivual checking of the micrographs to ensure that the correct measurements are being made. The
yellow, dotted rectangle in (B) defines an area magnified in (C). The
endpoints of the axes of the elliptical shapes are represented by the
minute yellow crosses, and the centroids are represented by the cyan
dots. Portion of a Felis rufus left tibia. Scale bar for (A) and (B)
equals 2.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
A schematic of cortical bone histology, with the four major types of
bone seaparated by lines of arrested growth. Note that the separation
of bone types and the variety of bone types in one sample are typically
not seen all together in one cortical cross-section. The figure is for
illustrative purposes only. Modified from Boef and Larsson, 2007, p.64
Summary showing all taxa included in the Primary Dataset and corresponding tibial measurements. All measurements are in millimeters.
The skeletal anatomy of Odocoileus virginianus (white-tailed deer). .
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4.4

Canis latrans (Coyote) tibia (A) with a corresponding micrograph
showing representative microstructural arrangement (B) and schematic
(C). A continuous layer of secondary bone is bounded on both sides
by primary bone along the periosteal and endosteal surfaces. Scale for
(A) = 2cm. Scale for (B,C) = 0.5mm. . . . . . . . . . . . . . . . . . 84
4.5 Felis rufus (Bobcat) tibia (A) with a corresponding micrograph showing representative microstructural arrangement (B) and schematic (C).
Secondary bone of varying width occurs in the endosteal region of the
cortex, bounded by a wide layer of primary bone on the periosteal surface and a thin layer along the endosteal surface. Scale for (A) = 2cm.
Scale for (B,C) = 0.5mm. . . . . . . . . . . . . . . . . . . . . . . . . 87
4.6 Procyon lotor (Raccoon) tibia (A) with a corresponding micrograph
showing representative microstructural arrangement (B) and schematic
(C). Areas of secondary and primary bone alternate across the width of
the cortex, beginning and ending with primary bone of the periosteal
and endosteal surfaces, respectively. Scale for (A) = 2cm. Scale for
(B,C) = 0.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.7 Ursus americanus (Black bear) tibia (A) with a corresponding micrograph showing representative microstructural arrangement (B) and
schematic (C). Areas of secondary and primary bone intermingle along
the width of the cortex, with secondary bone present to the edge of
the endosteal surface. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm. 91
4.8 Marmota monax (Groundhog) tibia (A) with a corresponding micro
graph showing representative microstructural arrangement (B) and
schematic (C). There is an optically distinct interface between the bone
of the periosteal surface, primary bone, secondary bone, and endosteal
bone. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm. . . . . . . . . . 94
4.9 Castor canadensis (Beaver) tibia (A) with a corresponding micrograph
showing representative microstructural arrangement (B) and schematic
(C). There is an optically distinct interface between the bone of the
periosteal surface, primary bone, and secondary bone; no endosteal
bone is present. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm. . . . 97
4.10 Didelphis virginianus (Opossum) tibia (A) with a corresponding micrograph showing representative microstructural arrangement (B) and
schematic (C). Primary bone with radial primary vasculature dominates the width of the cortex. Scale for (A) = 2cm. Scale for (B,C) =
0.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.11 Lepus americanus (Snowshoe hare) tibia (A) with a corresponding micrograph showing representative microstructural arrangement (B) and
schematic (C). Secondary bone is continuous along the endosteal surface, but is not constant in width; it intermingles with primary bone
of the outer cortex. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm.
101
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4.12 Varecia variegata variagata (Lemur) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B)
and schematic (C). Showing almost a quintessential “textbook” bone
microstructural arrangment, a thin layer of periosteal bone flanks the
outer edge of the diaphysis followed inwardly by regular widths of primary, secondary, and endosteal bone. Scale for (A) = 2cm. Scale for
(B,C) = 0.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.13 Macaca mulatto (Rhesus monkey) tibia (A) with a corresponding micrograph showing representative microstructural arrangement (B) and
schematic (C). A single layer each of primary and secondary bone dominate the thin-section. A thin layer of endosteal bone flanks the inner
edge of the diaphysis, but there is not a distinct layer of periostal bone
on the outer edge of the cortex. Scale for (A) = 2cm. Scale for (B,C)
= 0.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.14 Cebus sp. (Capuchin monkey) tibia (A) with a corresponding micrograph showing representative microstructural arrangement (B) and
schematic (C). There is a “textbook” example of mammalian microstructural arrangement. A distinct layer of periostal bone caps the outer
edge of the cortex, followed inwardly by equal widths of primary and
secondary bone, without an optically distinct interface between. A thin
layer of endosteal bone flanks the inner edge of the diaphysis. Scale
for (A) = 2cm. Scale for (B,C) = 0.5mm. . . . . . . . . . . . . . . .
4.15 The long bones of the left portion of the appendicular skeleton of the
specimen of Odocoileus virginianus used in this study. The forelimb
includes the humerus (A), radius and ulna (B), and metacarpal (C).
The hindlimb includes the metatarsal (D) and femur (E). The left tibia
was shattered in the deer-vehicular accident. Scale = 5cm. . . . . . .
4.16 Left ribs of the Odocoileus virginianus specimen used in the current
study. Rib 1 is the anterior-most rib in the series. Scale = 5cm. . . .
4.17 Right mandible of the Odocoileus virginianus specimen used in this
study. The tooth patterning indicates that the specimen was approximately 2 years old at the time of death, as evidenced by fully erupted
molars I-III with sharp cusps, the loss of the “milk” premolars, and
the not yet fully erupted permanent premolar III. . . . . . . . . . . .
4.18 Rib body and diaphyseal measurements of the appendicular skeleton
of the Odocoileus virginianus specimen used in the current project.
The diaphyses of long bones were measured between the proximal and
distal epiphyseal sutures along the anterior portion of the bone shaft.
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4.19 Odocoileus virginianus left rib 7. The total length of the rib body
(red, dotted line) was measured before determination of cut placement
(A). Cut three is the mid-point of the rib body, equidistant from the
proximal and distal ends (B). The other four cuts divide the rib equally
and are made perpendicular to the rib body. Scale = 5cm. . . . . . .
4.20 Odocoileus virginianus left rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 3 (B) and a
schematic (C). Sub-equal widths of primary and secondary bone occupy
the cortex. The cortex is generally very vascularized. Scale for (A) =
5cm. Scale for (B,C) = 0.2mm. . . . . . . . . . . . . . . . . . . . . .
4.21 Odocoileus virginianus left rib 7, (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 1(B) and a
schematic (C). Sub-equal widths of primary and secondary bone occupy
the cortex. There is no distinct periosteal bone. Scale for (A) = 5cm.
Scale for (B,C) = 0.2 mm. . . . . . . . . . . . . . . . . . . . . . . .
4.22 Odocoileus virginianus left Rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 2 (B) and
a schematic (C). Secondary bone makes up double the width of the
primary bone. Scale for (A) = 5cm. Scale for (B,C) = 0.2mm. . . . .
4.23 Odocoileus virginianus left Rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 4 (B) and a
schematic (C). Sub-equal widths of primary and secondary bone make
up the cortex. There is no distinct periosteal bone. Scale for (A) =
5cm. Scale for (B,C) = 0.2mm. . . . . . . . . . . . . . . . . . . . . .
4.24 Odocoileus virginianus left Rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 5 (B) and a
schematic (C). Sub-equal widths of primary and secondary bone make
up the cortex. The primary bone shows a low density of vascularization. Scale for (A) = 5cm. Scale for (B,C) = 0.2mm. . . . . . . . . .
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The five hierarchical levels of data specificity are illustrated here using
the Groundhog tibia as an example. Tiers I and II correspond to the
entire tibia and the single cross-section taken from the mid-diaphysis
for microstructural analysis. Tier III is represented by each micrograph
in the cross section. Tier IV refers to each of the five microstructural
types (secondary osteon, Haversian canal, secondary lacunae, primary
lacunae, primary vasculature). Tier V is represented by the series of
specific metrics used to characterize each of the types of microstructures in the cross-section. The number of measurements made depends
on the type of microstructure. . . . . . . . . . . . . . . . . . . . . . . 127
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5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Tabulation of the number of microstructural units of each of the five
types measured within all 161 micrographs. The total number of microstructural units is dominated by the number of measured primary
vascular canals, the majority of which were measured from the Hare.
The number of micrographs per cross-section ranged from 5 to 32, from
which 15,745 microstructural units were measured in total. . . . . . .
The number of microstructural units measured per micrograph ranged
from 46 to 448 and was dominated by secondary osteons and Haversian
canals. The bear had the highest number of microstructural units
measured in one cross-section, 5151. . . . . . . . . . . . . . . . . . . .
The number of microstructural units measured per micrograph ranged
from 30 to 101 and was dominated by primary vascular canals. This
microstructural dominance is evident in the totals per microstructural
type, showing the primary vasculature with a total of 709 measured
units in the Beaver cross-section compared to only 75 units each for
secondary osteons and Haversian canals. . . . . . . . . . . . . . . . .
The bobcat cross-section is dominated by secondary osteons (687) and
Haversian canals (701) compared to the primary vasculature (231).
The total number of microstructural units measured per micrograph
ranged from 69 to 178. . . . . . . . . . . . . . . . . . . . . . . . . . .
Summary table of the microstructural units measured in the Capuchin
monkey cross-section. Despite large differences in the number of microstructural units measured per micrograph, i.e., 10 to 90, the total
number of measured secondary osteons, Haversian canals, and primary
vascular canals is close to equal. . . . . . . . . . . . . . . . . . . . . .
The coyote cross-section is dominated by secondary structures. Many
of the micrographs do not show any primary vascular canals. The
accompanying absence of primary lacunae indicates that the lack of
primary vascular canals was due to bone remodeling rather than simple
lack of vascularization in the primary bone. Total microstructural units
measured per micrograph ranged from 16 to 82. . . . . . . . . . . . .
The total number of microstructural units measured per micrograph
ranges from 19 to 65. The partitioning of the microstructures into
types reveals that there were many more primary vascular canals in
the cross section (81) than secondary osteons and Haversian canals (31
each). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
In contrast to the Bear (Figure 5.3), the cross-section of the Hare
is dominated by primary vascular canals (1126) and has a dearth of
secondary osteons (54) and Haversian canals (54). Given the size of
the cross-section, there was a relatively large number of microstructural
units measured per micrograph, ranging from 95 to 263. . . . . . . . .
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5.10 The lemur cross-section is dominated by primary vascular canals (492)
rather than secondary osteons (103) and Haversian canals (102). The
number of microstructural units measured per micrograph ranged from
71 to 162. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.11 The opossum has the lowest number of micrographs per tibial crosssection. The cross-section shows many more primary vascular canals
(233) than secondary osteons (32) and Haversian canals (33). The
number of microstructural units measured per micrograph range from
32 to 130. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.12 The raccoon cross-section shows many more primary vascular canals
(539) than secondary osteons (184) and Haversian canals (181). The
number of microstructural units measured per micrograph ranged from
68 to 139. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.13 The cross-section of the rhesus monkey showed more secondary osteons
(309) and Haversian canals (309) than primary vasculature(84). Given
the abundance of primary lacunae (about the same for the secondary
lacunae), it appears that although primary bone was present, it was
not highly vascularized. The number of microstructural units measured
per micrograph ranged from 33 to 108. . . . . . . . . . . . . . . . . . 137
5.14 In the simplest case, the number of secondary osteons equals that of
Haversian canals. Some deviation from this equality is due to the occurrence of two or more Haversian canals within a single osteon (A, red
arrows). Only those secondary osteons showing the entire circumference of the reversal line (B, red outline) were marked for measurement.
The secondary osteon outlined in green has been partly overprinted and
is not considered in the analysis. Examples sourced from O.virginianus
rib (A) and F. rufus tibia. Scale for A = 0.2mm. Scale for B = 0.5mm. 138
5.15 Each metric used in Runs 1, 2, and 3 is represented by an abbreviation
that refers to the type of microstructure and the specific measurement
being applied to it. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.16 When microstructural measurements are averaged for a cross-section,
additional arithmetic functions can be applied to the direct measurements in order to derive additional relationships among microstructures of different types. . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.17 An example of the raw output from the Welsh computer program using
a portion of the data obtained from the periosteal portion of sample 10
(micrograph) of the bobcat thin-section. The three dots in each of the
sections of the last row and column signify the continuation of data.
Please refer to the text for further details . . . . . . . . . . . . . . . . 147
5.18 A summary table of PCA Runs 1, 2, and 3 of the Primary Dataset. . 148
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5.19 A portion of the data input for Run 1 of the Primary Dataset showing individual data points used to illustrate the spreadsheet structure.
Cells containing three dots symbolize the continuation of data. Only
columns for the 10 metrics of the secondary osteons are shown. All
metrics shown in Figure 5.20 appear here as columns. . . . . . . . . .
5.20 The metrics that can be applied to individual measurements with no
averaging are denoted with check-marks. Only these measurements are
used in Run 1 of the Primary Dataset. . . . . . . . . . . . . . . . . .
5.21 A portion of the data input for Run 2 of the Primary Dataset using
micrographs as “samples.” Cells containing three dots symbolize the
continuation of data. . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.22 A portion of the data input for Run 3 of the Primary Dataset using
the entire cross-section of each taxon as a “sample.” The values listed
are averaged over an entire thin-section. Cells containing three dots
symbolize the continuation of data. . . . . . . . . . . . . . . . . . . .
5.23 The primary vascular canal outlined in red in this figure deviates from
the expected “elliptical” shape, making measurement by best-fit ellipse
(blue shading) subject to greater error in representation. Measurement
of the actual shape outline will give a better representation of the “real”
circumference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.24 The eigenvalues and r2 values for each of the five principal components analyses of the Primary Dataset included in Run 1. Using the
Kaiser-Guttman rule (eigenvalue must be ≥1.0), PCA of the secondary
osteons, primary lacunae, and secondary lacunae results in two informative principal components, whereas analyses of the Haversian canals
and primary vasculature result in three principal components to explain
the variance in the dataset. . . . . . . . . . . . . . . . . . . . . . . .
5.25 The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of secondary osteons. Principal
component 1 is graphed on the x-axis and principal component 2 on
the y-axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.26 The loadings plots for PCA of the Primary Dataset using only microstructural metrics of the Haversian canals. Before removal of 6
outliers (A) and after the removal of 6 outliers (B). . . . . . . . . . .
5.27 The scores plots for PCA of the Primary Dataset using only microstructural metrics of the Haversian canals (A) Before removal of 6 outliers
and (B) after the removal of 6 outliers. . . . . . . . . . . . . . . . . .
5.28 The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of primary lacunae. Principal component 1 is graphed on the x-axis and principal component 2 on the
y-axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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5.29 The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of secondary lacunae. Principal
component 1 is graphed on the x-axis and principal component 2 on
the y-axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.30 The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of primary vascular canals. Principal component 1 is graphed on the x-axis and principal component 2
on the y-axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.31 A table (A) and plot (B) of the eigenvalues for Run 2 of the Primary
Dataset. The red star represents the cut-off for the valid eigenvalues
as determined by the Kaiser-Guttman criterion. The red arrow is the
eigenvalue cut-off using the Cattell Scree Test. . . . . . . . . . . . . .
5.32 The loadings plot for Run 2 of the Primary Dataset, showing an enlarged view of the variables that explain the least amount of variance
in the PC1-PC2 plane. . . . . . . . . . . . . . . . . . . . . . . . . . .
5.33 The loadings plot for Run 2 of the Primary Dataset, showing an enlarged view of the variables that explain a large amount of variance
along positive principal component 1. There is a small amount of covariance with positive PC2. . . . . . . . . . . . . . . . . . . . . . . .
5.34 The loadings plot for Run 2 of the Primary Dataset, showing an enlarged view of the variables that explain a large amount of variance
along positive principal component 1. There is a small amount of covariance with negative PC2. . . . . . . . . . . . . . . . . . . . . . . .
5.35 The loadings plot for Run 2 of the Primary Dataset, showing an enlarged view of the variables that explain a large amount of variance
along negative principal component 1. . . . . . . . . . . . . . . . . . .
5.36 The loadings plot for Run 2 of the Primary Dataset, showing an enlarged view of the variable that explains a large amount of variance
along positive principal component 2. . . . . . . . . . . . . . . . . . .
5.37 The loadings plot for Run 2 of the Primary Dataset, showing an enlarged view of the variable that explains a large amount of variance
along negative principal component 2. . . . . . . . . . . . . . . . . . .
5.38 The scores plot for Run2 of the Primary Dataset showing clustering and
separation of data points (each representing one micrograph) according
to taxon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.39 Orthogonal views of the Primary Dataset in Run 2 looking at the X-Y
plane down the positive Z-axis (A), the X-Z plane down the positive
Y-axis (B), and the Y-Z plane down the positive X-axis (C). . . . . .
5.40 Orthogonal views of the Primary Dataset in Run 2 looking at the X-Y
plane down the negative Z-axis (A), the Y-Z plane down the negativeYaxis (B), and the X-Z plane down the negative X-axis (C). . . . . . .
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5.41 A table (A) and plot (B) of the eigenvalues for Run 3 of the Primary
Dataset. The red star represents the cut-off for the valid eigenvalues
as determined by the Kaiser-Guttman criterion. The red arrow is the
eignvalue cut-off using the Cattell Scree Test. . . . . . . . . . . . . .
5.42 The loadings plot for Run 3 of the Primary Dataset, showing an enlarged view of the variables that explain the greatest amount of variance along positive principal component 1. . . . . . . . . . . . . . . .
5.43 The loadings plot for Run 3 of the Primary Dataset, showing an enlarged view of the variables that explain the greatest amount of variance along negative principal component 1. . . . . . . . . . . . . . . .
5.44 The loadings plot for Run 3 of the Primary Dataset, showing an enlarged view of the variable that explains the greatest amount of variance along positive principal component 2. . . . . . . . . . . . . . . .
5.45 The loadings plot for Run 3 of the Primary Dataset, showing an enlarged view of the variable that explains the greatest amount of variance along negative principal component 2. . . . . . . . . . . . . . . .
5.46 The loadings plot for Run 3 of the Primary Dataset highlighting the
variables that explain the greatest amount of the variance along positive principal component 1. There is a small amount of covariance
with negative PC2. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.47 The scores plot for Run 3, where each sample is one taxon, of the
Primary Dataset showing the separation of the taxa in 3D space. . . .
5.48 Orthogonal views of the Primary Dataset in Run 3 looking at the X-Y
plane down the negative Z-axis (A), the X-Z plane down the negative
Y-axis (B), and the Y-Z plane down the negative X-axis (C). The red
dotted-line represents the diagonal distribution of the Primates in PC
space, and the blue-dotted line likewise connects the Carnivora bear,
coyote, and raccoon along a differently oriented diagonal line. . . . . .
5.49 The open red circle represents a test sample. The Euclidean distances
from the test sample to the two models PC1 (1) and PC1 (2) are ei (1)
and ei (2), respectively. The Mahalanobis distance from the test sample
to PC1 (1) is hi (1). . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.50 Eigenvalues and the variance (r2 ) explained by each local taxon model
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5.55 A series of Coomans’ plots showing pairwise comparisons between taxa
and the critical values associated with the local model of each taxon
(red lines). The colors of the points refer to the SIMCA-predicted taxon
and the labels refer to the actual taxonomic origin of the datapoint.
Additional pairwaise plots are found in Figure 5.56. . . . . . . . . . .
5.56 A series of Coomans’ plots showing pairwise comparisons between taxa
and the critical values associated with the local model of each taxon
(red lines). The colors of the points refer to the SIMCA-predicted taxon
and the labels refer to the actual taxonomic origin of the datapoint.
Additional pairwaise plots are found in Figure 5.55. . . . . . . . . . .
5.57 The membership plots for each taxon in the SIMCA analysis show the
Mahalanobis distances to each local model (labeled on x-axis) represented. For a test sample to be assigned to a taxon, it must have the
shortest Mahalanobis distance to that taxon. . . . . . . . . . . . . . .
5.58 A Coomans’ plot showing the twelve test samples that were assigned
correctly to the bobcat local model whose training set had been depleted to only nine samples. . . . . . . . . . . . . . . . . . . . . . . .
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Chapter 1
Introduction
The ability to identify and classify the fossilized remains of extinct organisms underlies
all types of higher-order systematic and paleoecological hypotheses. In vertebrate
paleontology, fossilized bones are central to what is known about extinct specimens.
Unique amongst biological materials, bone is more likely to weather the passage
of geologic time than is its soft-tissue counterparts, providing a window into the
faunal component of the geologic past. What are the trends and details of vertebrate
evolution? How has the faunal component of a paleoenvironment changed over time?
These questions drive the hypotheses in vertebrate paleontology. Fossil bone provides
the mechanism by which these hypotheses can be tested.
Fossil specimens are translated into “data points” as a result of a four-step process;
(1) discovery, (2) collection, (3) preparation, and (4) identification. Skeletal discovery
can be rapid. The most productive rock formations, such as the Cretaceous Dinosaur
Park Formation in Alberta, Canada, can produce approximately one partial skeleton
every two weeks during a typical summer field season a few months in length (D. A.
Russell, pers. comm., 2004). Once discovered, however, the rate-limiting steps in the
process become the collection, preparation, and identification of the specimen. The
time it takes to collect and prepare a fossil specimen depends on the size and fragility
of the bones, the completeness of the skeleton, and the resistance of the rock matrix
in which it was entombed. Careful preparation of a fossil specimen is key-not only
does this part of the process remove rock matrix from the bones, it also exposes the
delicate morphology needed to identify the skeleton. The final three steps typically
take a few years per specimen. With so much time invested in the gathering of a
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single datapoint, it is clear how this slow trickle of data would inhibit the testing of
paleobiological hypotheses.
Analysis and comparison of bone are traditionally achieved by an individual’s examination of the gross morphology. Closer scrutiny of this process reveals that not
only is the procedure subjective, but also that there are limitations to the information
provided by the gross morphology of skeletal hard parts. The problems with the established procedure of fossil vertebrate identification are two-fold: (1) a near-complete
fossil skeleton is currently a de facto requirement for identification; (2) vertebrate
paleontology is restricted by a rarity of good samples and the low quality of bone
preservation throughout geologic time. How can these energy barriers to specimen
identification be lowered so as to produce taxonomically valid specimens in a reduced
amount of time?

1.1

Hypothesis

The hypothesis tested in this dissertation is that taxonomic identification
of extant and extinct tetrapods can be achieved through the rigorous,
quantitative analysis of the microstructures in cortical bone.
Fossilized bones preserve a wealth of information, from gross morphology to microstructure. Current taxonomic techniques identify skeletal remains by the presence,
absence, and morphological form of a group of homologous features present within a
fossil skeleton. Often, the particular skeletal elements that are preserved do not embody the skeletal characteristics indicative of a particular vertebrate’s “morphological
space”, thus rendering it very difficult or impossible to identify the animal to a very
specific level. Not all bones have equal diagnostic potential using the current method
of identification. Depending on the animal, the bone element, and the features that
are preserved, it may be possible to identify the bone to the “familial” level, or in
fortuitous circumstances, the generic level. The ability to classify an isolated element
to the species level is rare, but this tends not to be a crippling issue, as the genus
is the typical operational taxonomic unit in vertebrate paleontology (Holtz, 1998).
Regardless of the high level of difficulty and uncertainty in fossil taxonomy, identifications of fossil vertebrate animals have been, and continue to be, decided on the
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basis of fragmentary or isolated elements (Hunt et al., 1998; Le Loeuff and Buffetaut,
1991; Leidy, 1856). As with any subjective practice, differences of opinion about
what constitutes a diagnostic feature or the presence or absence of the form thereof
becomes a major consideration in the identification process-after all, there exists no
objective ground truth upon which to build a hierarchy. This qualitative process of
description and identification dominates taxonomic identifications and has muddled
ongoing analyses of the fossil record through time.
The potential for errors in taxonomic identification increases as the number of bones
from a skeleton recovered is reduced. Although there is much bone material preserved in the fossil record, it cannot always be identified. The recovery of diagnostic
(i.e., taxonomically identifiable) skeletal elements is rare and recoveries of complete
or nearly complete skeletons remain the anomalous and prized occurrences. Disarticulated skeletons and isolated and fragmentary bone discoveries are far more common
than those of associated skeletons (Holtz et al., 2004). Despite the questionable fossil
record quality, what is known about extinct vertebrates continues to grow. Scientific
literature suggests that specimens are now classified on the basis of more complete
skeletons than in the past (Benton, 2008). Regardless, geologic time is vast, and
collective knowledge of the fossil record from any geological time period remains incomplete.
A large proportion of tetrapod fossils collected and housed at museums and universities have been deemed “useless” because the bones are incomplete, fragmentary,
and/or cannot be identified using traditional, qualitative methods. Thus, bone fragments serve only as simple clues that the stratigraphic horizon contains bone material
and maybe a more complete specimen may be found nearby. The fragments are rarely
collected or examined unless they are in association with a more complete specimen.
Isolated complete bones, however, are usually collected and, depending on the part
of the skeleton represented, can yield varying amounts of taxonomic information (different bones carry different diagnostic potential). But what if all bones could have
potential to lead to specimen identification? Useful taxonomic information could
then be extracted from fragments and isolated bones, increasing the quality of the
fossil record and allowing those faunal datapoints to be integrated into the context
of paleoecological systems as well as from more complete specimens.
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Gross morphological data encode low-frequency information. The differences in gross
morphology between a massive Tyrannosaurus (Brochu, 2003) femur and a gracile
Struthiomimus femur are obvious to a human observer because they span easily observable macroscopic length scales. However, morphological information is not always
as straight forward as a size difference, especially when dealing with closely related
specimens at the genus or species level. It is the idea of the “morphological species”
that has allowed the subjective analysis of bone features to persist. Bone shapes are
complex and are often not conducive to “tape measure” measurements that would
provide quantitative data about bone shape. Bone microstructure, however, encodes
information at a much higher spatial frequency; the information is well-preserved by
the same mineral replacement processes that fossilize gross features. However, observing the spatial data present in bone microstructure usually requires a microscope—it
exists on a different length scale than gross morphology. For the same reason that
gross morphology is easily observed, whereas microstructures are not—size—a small
bone feature or microstructure is more likely to avoid the destructive processes of
geologic time, versus a large whole bone. The morphology and arrangements of microstructural features within the cortex of bone come up against the same arguments
as the gross morphological features in their description. Quantitative description is
difficult because the arrangements can be complex and difficult to describe using a
“tape measure” method. Even if such measurements are made, the unexplored variation in the arrangements across and within specimens confounds any partitioning of
the measurements into taxonomic meaning. However, the microstructures themselves
are easily measured quantitatively, once the basis of bone formation and remodeling
has been taken into account. This suggests that bone microstructural features may
be an untapped source of data in fossilized bone and would support a quantitative
method for taxonomic identification.
Efforts to extract useful taxonomic information from bone microstructure have been
ongoing since the mid-1800’s, but thus far, none has been able to achieve a higher level
of diagnostic power or to demonstrate robust quantitative objectivity. The discrete
morphologies, combinations, and arrangements of bone microstructural components
have long been suspected to be specific to particular vertebrate groups (Agassiz, 1843;
Amprino, 1947; Enlow and Brown, 1956, 1957, 1958; Foote, 1911, 1913; Harsanyi,
1990; Hogler et al., 2003; Jowsey, 1966, 1968; Locke, 2004; Parfitt, 1983; Queckett,
1855; Ricqles, 1986, 1990; Skedros et al., 1997). Figure 1.1 clearly illustrates visual
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patterns in bone microstructures from various species. The hypothesis that is explored and tested in this dissertation has its foundation deep within the historical
literature, but it is to be the first quantitative study of this hypothesis, the first that
seeks to develop a simple, reproducible means by which isolated and fragmentary
skeletal elements can be identified, the first to collect statistically significant numbers
of samples from diverse species, and the first to apply modern statistical analysis to
identify the sources of variation in microstructures.
The ability to identify a taxon based on the morphology of microstructures found in
cortical bone would be a powerful identification tool. To be a useful diagnostic tool,
bone microstructure must be shown to: (1) be measurable in a minimally destructive way; (2) correlate with the taxonomic hierarchy, (3) be relatively insensitive to
uncorrelated features. Differences in cortical microstructural morphology may be the
result of taxon-specific, phenotypic expression of genotypic differences, as well as of
outside influences (e.g., biomechanical stresses) imposed on the skeleton throughout
life. Inter-taxonomic differences in enzyme and protein expression during formation
of secondary osteons, in tandem with the aforementioned biomechanical stresses, may
allow for enough phenotypic osteological change in the secondary osteon, for example,
that the differences can be detected and used to discriminate among forms. Regardless
of the size of the bone fragment to be thin-sectioned and analyzed, bone microstructures will be present, because the largest microstructure, the secondary osteon, is
generally less than 300 micrometers in diameter. Bone microstructures also tend to
be abundant, as some increase in number with age (Amprino, 1963; Ascenczi et al.,
1965, 2004; Baltadchiev, 1994; Bumrerraj and Katz, 2001; Chinsamy, 1995b; Currey,
1964; Enlow, 1977; Frost, 1963; Jowsey, 1966; Mulhern and Ubelaker, 2003; Mundy
et al., 2003; Robling and Stout, 2000). Identifying bones based on microstructural
morphology may increase, quite significantly, the amount of fossil vertebrate data
recoverable in a given assemblage. This approach could augment the way extinct vertebrates are classified by reducing the reliance on gross morphological characteristics
in taxonomy.
The purpose here is not to evaluate the cellular and molecular differences in bone microstructural formation or the nature of the biomechanical stresses in bone. Rather,
the goal is to use the phenotypic expression of those differences to create a database
of the quantifiable microstructural features of known taxa against which isolated
5

Figure 1.1: The visual comparison of bone microstructure suggests discrete
morphologies, combinations, and arrangements of features unique to each taxon. A
portion of the mid-diaphysis of the left tibia is shown for: (A) a bobcat; (B) rhesus
monkey; (C) snowshoe hare; (D) capuchin monkey; (E) ruffed lemur; (F) raccoon;
(G) black bear; and (H) opossom. Scale = 0.5mm
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skeletal elements and fragments with no other means of identification may be compared. Essentially, each taxon will have a microstructural “fingerprint.” Because of
the variability inherent within bone microstructure, a quantitative means of describing microstructure morphology is favored over more qualitative presence/absence or
descriptive methodologies. Quantitative analysis of microstructural features ensures
repeatability of the procedure and minimizes subjectivity. The analysis of microstructures for taxonomic identification will remove much of the dependence on gross skeletal features so that even those bones of the skeleton that are now of little taxonomic
value even when they are well preserved (e.g., ribs), might be useful for specimen
identification. This dissertation aims to “make something useful out of the useless”
by focusing on the development of a rigorous, quantitative means by which isolated
and fragmentary bones of fossil tetrapods may be taxonomically identified, to create
the first microstructural database of extant mammal specimens, and to explore to
what extent microstructural morphology represents a “taxonomic fingerprint.”
This dissertation is a series of eight chapters. The remainder of the current chapter
is devoted to the history of bone histology and background information, to provide
a context for the micromorphological features whose measurements are addressed in
later chapters. Chapter 2 is a retrospective analysis, with the Dinosauria as a case
study, used for the evaluation of past taxonomic practices. Chapters 3-7 investigate
a forward-looking plan, describing the methodology used in this dissertation and
exploring three datasets of microstructure features. All of the datasets are exploratory
and are statistically analyzed to show (1) the microstructural metrics explaining the
greatest amount of variance in each dataset, and (2) how much variation is present
within and between taxonomic samples. Chapter 8 summarizes this work. The goal
of the dissertation is to establish a suite of characteristic microstructural features that
are generally applicable to tetrapods, which can be quantitatively and reproducibly
measured and that, through statistical analysis, can be used to infer taxon.
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1.2
1.2.1

Literature Review of Osteohistology
History of bone microstructural analysis

Observation of the microscopic structure of bone began in the early 17th century
shortly after the invention of the compound microscope (Martin and Burr, 1989).
Skeptical of the images that they were seeing, many early scientists were not convinced that the details shown were actually part of the bone (Bostock, 1825). Instead,
many thought that the structures were an artifact of the new form of microscopy and
assumed that the structures did not exist in nature. The effect of this skepticism coupled with the poor resolution of the early microscope caused many bone microstructures, including osteons, to go undescribed in detail for many years. The microscopic
structure of compact bone, specifically the extensive canal system, was first formally
described by van Leeuwenhoek in 1678 (Enlow, 1962). Clopton Havers added a more
extensive description of bone structure in 1691 in a treatise entitled Osteologia Nova
(Havers, 1691). Initial descriptions focused on the porous nature of bone, canal systems within the bone, and the “laminar” structure. In his treatise, Havers described
in detail the remodeling structure that, many years later, would bear his name. The
overall canal system, however, was first formally recognized by van Leeuwenhoek in
1678 (Martin and Burr, 1989). Because of the confusion as to which man should
get the credit for its discovery, the often-referenced “Haversian system” is referred to
exclusively as the “secondary osteon” by many bone histologists.
During the 150 years after 1693, there was little advancement in the study of the microstructure of bone. Previously published information was simply recapitulated by
others. Revolutionary experiments, such as that of Du Hamel, who in 1739 revealed
greater structural detail by staining bone thin sections using madder roots (the first
use of staining techniques while viewing microstructure of bone), were rejected by
the most prominent anatomists and physiologists of that time. It was not until the
beginning of the 19th century that new information on the microstructure of bone
was published and finally accepted in the scientific community. It is not an accident
that this flurry of new information coincided with the advance of the microscope.
Secondary osteons were described in greater detail in the middle of the 19th century
(Bruns, 1841; Cruveilhier, 1844). These later observations of secondary osteons were
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based heavily on comparisons with van Leeuwenhoeck’s original description. With the
improvement of microscopic and histological techniques, however, the microstructures
were able to be viewed at higher magnifications. These structures now were considered authentic rather than artifacts produced by poor microscopy. The repeated
and thorough descriptions of the bone microstructures allowed investigators to reach
beyond morphology and to begin to address the variation in the structures of the
Vertebrata across a large number of taxa (Todd and Bowman, 1845). Specialization
within the discipline ensued.
Although histological study has been performed on bones from both extant and extinct vertebrates, the study of the bone histology in fossil animals is deeply rooted in
the history of comparative histology. Because most fossil material is of hard skeletal
tissues, histology offers an additional line of inquiry into an otherwise very limited
source of information. Comparative vertebrate paleohistology was established in the
renowned work of Agassiz (1843), Recherches sur les poisons fossils, published in
Neuchatel (1833-1844) (Ricqles, 1990). Although Agassiz’s publication was limited
in the diversity of vertebrates addressed, soon to follow was work by Queckett, who
published two of the first papers focusing on comparative vertebrate histology and paleohistology, mostly of tetrapods (Queckett, 1849a,b). He went on to publish a large,
strikingly beautiful, illustrated catalogue of the collection of histological thin sections
housed at the Museum of the Royal College of Surgeons of England (Queckett, 1855).
The figures, produced using the camera lucida technique invented by William Hyde
Wollaston in 1807, illustrate the bone sections in intricate detail at several magnifications. Most of the illustrations were drawn using two magnifications, 95- and
440-fold, to ensure a great amount of detail. The illustrations are still considered
highly accurate and are comparable with the detail revealed in present microscope
photography. In the second book of this two-volume set, Queckett described 945
histological preparations of vertebrate animals including 385 fishes, 103 reptiles, 60
birds, and 397 mammals. In addition, there were 18 plates containing 432 representations of what Queckett deemed as “the most striking specimens.” This work
was the first to illustrate the osteohistology of the dinosaur Iguanodon anglicus Holl,
1829. Other fossil specimens figured in the catalog are Labyrinthodon, Pterodactylus,
Ichthyosaurus, Colossochelys atlas, Glyptodon clavipes, Mastodon, and Megaceros hibernicus, among others.
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Illustration of histological images was most impressive during this time. Without
the availability of good photographic techniques, each plate had to be drawn by
hand. The work of Queckett set the bar for the detailed and careful presentation
of bone microstructures, as well as their description. More descriptions and illustrations followed, encompassing many more extinct vertebrates including ichthyosaur
and pleisiosaur bone tissues (Kiprijanoff, 1881). The figures and methodology in
Kiprijanoff’s publication also have had great influence on depictive styles and methodological approaches to paleohistology. One of the first researchers to use polarized
light illustrated and described the bone histology of a Cretaceous crocodile and several Tertiary mammals (Schaffer, 1889), rounding out the great paleo-osteohistological
works and advances of the 19th century. The production of these large osteohistological publications did not slow with the transition into the 20th century. Seitz
described over 30 fossil reptilian and amphibian specimens in one of his works (Seitz,
1907). Foote published three large monographs in 1911, 1913, and 1916 pertaining to
the comparative histology of the femur (Foote, 1911, 1913, 1916). His analyses began
with the description and depiction of the femora of 46 different animals, including
amphibians, reptiles, birds, and mammals (Foote, 1911). This was the first publication to have a large comparative database for the histology of a single element of
the vertebrate skeleton. Foote expanded his dataset to include more orders, genera,
and species of what he considered “lower animals” as well as three races of man. He
published the largest of the three manuscripts in 1916 (Foote, 1916). Included are
440 detailed descriptions and 467 drawings of femora made directly from the thinsections with the help of an Edinger Drawing Apparatus. The bones depicted are in
various stages of development and show clearly the different bone types, particularly
the distribution of secondary osteons. When possible, femora from the same species
were described at different stages of development. Foote’s monograph is perhaps the
first attempt to characterize the ontogenetic histologic sequence of a particular taxon.
Not only did Foote give detailed descriptions and illustration of the specimens, but
he also gave a comprehensive overview of bone microstructure and the factors that
influence the type of structures. Adding to the aforementioned publications at the
beginning of the 20th century, were descriptions of primitive tetrapod bone (Gross,
1934).
By the middle of the 20th century there was evidence of the changing perspective
on paleohistological research. Previously, the effort had been directed towards large
10

numbers of descriptions that addressed a large range of taxa. Instead of focusing on
just qualitative description of the bone structure, osteohistological study was shifting to encompass broader evolutionary, physiological, and ecological implications of
specific bone shapes and configurations. Instead of viewing histologic descriptions
as stand-alone information, the microstructures were placed into the context of their
origin and function. During the middle of the 20th century, a series of publications
presented qualitative descriptions of 528 long bones of humans and other mammals
(Forster and Goldbach, 1954; Goldbach and Hinuber, 1955; Hinuber, 1951). Enlow
and Brown (1956; 1957; 1958) followed that attempt with a three-part series that
provided an extensive overview of histodiversity in the major tetrapod groups, both
extant and extinct. Although the publication was extensive and contained relatively
detailed, modern descriptions, Enlow and Brown did not indicate the place on the
particular bone from which the sample was extracted. Moreover, most descriptions
were based on only one specimen for each taxon. Thus, the scope of intertaxonomic
variation and the comparisons of bone microstructures between taxa were limited.
Regardless, they are highly informative and well-cited works, and the literature on
histodiversity continued to build (Enlow, 1963).
As a departure from completely qualitative analyses of bone microstructure, Singh
et al. (1974) produced a semi-quantitative comparative study of 44 bone specimens of
extant animals, most of which had died at the Bronx Zoo. Based on qualitative classifications of bone microstructure, Enlow and Brown (1956; 1957; 1958) characterized
the osteohistology of six orders of mammals. Each thin section was evaluated under
the microscope. The number and size of primary longitudinal canals were measured,
and the number of lacunae was counted per field of view. It is difficult to discern
whether their “primary longitudinal canals” are primary osteons or some other primary vascular feature. No oblique canals of any kind were counted in their analysis.
Whereas secondary osteons were taken into account in their final description of the
taxa, they only recorded the population density of such structures, not the shape and
size. Because the number of secondary osteons present within the bone increases with
the age of an animal, records of their population density are uninformative unless the
ages of the zoo animals were known. Unfortunately, the ages of most of the animals
were not indicated. The Singh et al.(1974) study is also problematic because the
thin-sections they studied had been decalcified prior to viewing. The lack of mineral
eliminated some of the morphology indicative of certain microstructures.
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A very well-constrained early study of histodiversity, particularly for the goal of distinguishing human from non-human bone in archaeological sites, was done by Jowsey
(1966). She addressed femora and ribs from a number of animals (mostly domestic)
of a large age range. All animals were active at the time of death, showed no sign of
metabolic bone disease, and died of sudden trauma or cardiac infarction. The thinsections from the femora were taken perpendicular to the longitudinal axis of the
diaphysis and at the mid-diaphysis. Rib sections were taken eight to 20 centimeters
from the spine (Jowsey, 1966). Her consideration of location of the thin-sections, especially in the femur, allows for a direct comparison among the specimens with valid
results.
More specialized analyses of the histological structures present in extinct taxa, especially dinosaurs, comprise the majority of such publications during the latter decades
of the 20th century. Histological characteristics of extinct organisms have been studied from a variety of perspectives and for various purposes, including, physiology,
phylogeny, and age calculations (Botha and Chinsamy, 2000; Chinsamy, 1990, 1992,
1995a,b, 1997; Chinsamy and Barrett, 1997; Chinsamy and Rubidge, 1993; Chinsamy
et al., 1994, 1998a,b; Horner et al., 1999, 2000, 2001; Padian et al., 1995, 2001, 2004;
Ricqles, 1968, 1972, 1974, 1980, 1986, 1990; Ricqles et al., 1997, 2001, 2003, 1991).
Ushering in the increasingly quantitative treatment of bone microstructures was the
introduction of a procedure by which to classify the different categories of bone within
the cortex of a specimen (Boef and Larsson, 2007).

1.2.2

Microstructural Differences in Taxa

The early histological work of vertebrate paleontologists in the late nineteenth century was initiated in order to answer taxonomic questions rather than functional ones
(Ricqles, 1990). As early as 1849, publications suggested that paleohistology might
be a means by which to identify taxa (Queckett, 1849a,b). A solid basis for the
idea that histology could reveal taxonomy was being developed through the ongoing examination and illustration of the microstructure of bone (Foote, 1911, 1913,
1916; Queckett, 1855). However, testing this hypothesis was an arduous process as
a result of still-developing microscopic techniques and the overwelming number of
measurements that had to be made directly in the field of view of the microscope or
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on hand-drawn illustrations. It had long been recognized that the cortex of bone,
regardless of taxon, was composed of a series of standard microstructures. Instead of
directing their attention to one or very few structures, early investigators tried to consider all of the microstructures as a collective whole. Overwhelmed with information
and perhaps also due to the lack of convenient statistical analysis, scientists largely
abandoned the use of bone microstructure to address taxonomic questions. Histological examination of bone evolved toward gaining insight into the physiological,
biomechanical, phylogenetic, and ontogenetic growth characteristics of both extant
and extinct taxa (Botha and Chinsamy, 2000; Buffetaut, 1982; Chinsamy, 1990, 1992,
1995a,b, 1997; Chinsamy and Barrett, 1997; Chinsamy and Rubidge, 1993; Chinsamy
et al., 1994, 1998a,b; Currey, 1962; Curry, 1999; Horner, 1992; Horner et al., 1999,
2000, 2001; Padian et al., 1995, 2001, 2004; Pawlicki, 1985; Ray et al., 2004; Ricqles,
1968, 1972, 1974, 1986, 1990; Ricqles et al., 1997, 2001, 2003, 1991; Singh et al., 1974;
Skedros et al., 2004; Steyer et al., 2004).
The discussion of histodiversity as a means by which to taxonomically identify a
specimen received relatively little attention during the last century. Ricqles (1990)
reviewed the history of the use of histological characteristics for taxonomic differentiation and the problems associated with this approach. He reinforced the need
to consider the typological-structural diversity at the level of the individual, and he
maintained that the microstructure of bone is at least in part controlled by the local
conditions of skeletal formation and remodeling. Significant variation is observed in
bone even in a comparison of different fields of view of a single thin section or between
thin sections from different parts of a single bone (Ricqles, 1990).
Many publications mention the use of bone microstructure as a means to identify
taxa, but typically only in passing (Amprino, 1947). Amprino (1947) was the first
to use microradiographs to catalog the variation in appearance of cortical bone intertaxally. As optical microscopic, measurement, and statistical techniques improved
in the middle of the last century, there was a small revival of the effort to showcase taxonomic diversity in bone microstructure. Unfortunately, descriptions of the
variation were qualitative to semi-quantitative at best. Efforts were concentrated on
amassing datasets for a wide variety of taxa and, in most cases, describing the microstructure based on one thin-section (Enlow and Brown, 1956, 1957, 1958; Forster
and Goldbach, 1954; Goldbach and Hinuber, 1955; Harsanyi, 1990; Hinuber, 1951;
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Jowsey, 1966, 1968; Singh et al., 1974). Enlow and Brown (1956) provided the beginnings of a standardized qualitative classification system for the types of cortical bone
present in different taxa. Their three-volume set describes the bone microstructure in
a diverse array of taxa, highlighting qualitative differences between taxa and setting
the standard for discussion of histodiversity in the 20th century (Enlow and Brown,
1956, 1957, 1958).
More recent osteohistological research on the remains present in archaeological sites
addressed the use of bone microstructure specifically to determine if human bone could
be distinguished from non-human bone based on the secondary osteonal structure
(Forster and Goldbach, 1954; Goldbach and Hinuber, 1955; Harsanyi, 1990; Hinuber,
1951; Jowsey, 1966, 1968; Kenyeres and Hegyi, 1903; Singh et al., 1974). Researchers
were interested in the dichotomous designation of bones within the assemblage as
“human” or “not human,” but not the specific identification of the taxa by means
of osteohistology. Although the methodologies were mostly semi-quantitative, there
were some positive results suggesting that Homo sapiens could be discerned from
other mammals by their bone microstructure. Species-specific differences in bones
of mammals were mentioned briefly in a qualitative context by Jowsey (1966) and
Harsányi Harsanyi (1990).
More recently, examination of smaller scale bone microstructures found within cortical bone, called canaliculi, suggested that they might be indicative of taxonomic
differences (Rensberger and Watabe, 2000). Canaliculi are canals with diameters in
the micrometer range, that connect lacunae and serve as communication conduits
within the ossified bone. According to the qualitative observations of Rendberger
and Watabe (2000), there are morphological differences in canaliculi among dinosaurs,
birds, and mammals. Additionally, they found that canalicular morphology and arrangement within the bone were also distinctive in various groups of dinosaurs, a
conclusion that is of great importance to the present project as an example of the
application of histology to taxonomy. (Rensberger and Watabe, 2000) also observed
that the organization of collagen fiber bundles seemed to vary from one dinosaur
group to another.
Attempts to distinguish taxa using bone microstructure were abandoned as continuing
study of the microstructure yielded a myriad of complications from physiological,
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lifestyle, and environmental influences that would affect the bone structure (Ricqles,
1990). Taxonomic osteohistological research has been hampered not only by inherent
typological structural diversity at the intraspecific and individual level but also by
small sample size (Singh et al., 1974). Despite their preliminary results showing
apparent quantifiable differences in the bone microstructure of vertebrates, Singh et
al. (1974) were of the opinion that any attempt to qualitatively distinguish between
the taxa in their study would not be viable simply due to the small number of samples
that were evaluated. Insufficient sample size is also a limitation in several other
analyses of this type (e.g. (Harsanyi, 1990; Jowsey, 1966)).
An intriguing conference abstract reported the quantifiable and morphological differentiation of two species of Equus based on the structure of the osteons (presumably
secondary osteons) (Davenport and Ruddell, 1995). Unfortunately, the abstract lacks
methodological detail, the authors cannot be located, and the analysis was never
followed up by a more complete documentation of the research. This fairly recent abstract was the catalyst for the present project. The morphology of secondary osteons
and other measurable microstructures contained in the cortical bone are the focus
of quantitative methodology presented in this dissertation, created to differentiate
taxonomically between specimens.

1.3
1.3.1

Bone
Bone Function

Bone tissues provide mechanical support, protection of vital organs, hematopoiesis,
and mineral homeostasis (Martin and Burr, 1989; Steele and Bramblett, 1988). Mechanical support ranges from the general strength and stiffness of bone necessary for
proper organism function to the morphology of bone microstructures that are pivotal
in order to avoid fracture and to repair fractures that do occur. Bone is lightweight,
but strong per unit volume. Tests show it to be stronger than lead and to have more
flexibility relative to its size than a spider web. Mechanical support of the skeleton is
provided by the bones of the appendicular skeleton. Bones of the axial skeleton protect the organs, although some elements of the axial skeleton also assist with overall
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support. The gross morphology of bone and the morphology of the microstructures
within the ossified tissue often reflect the mechanical needs and locomotive habits of
a particular organism. The skeleton has adapted through time to increase efficiency
and to provide reinforced structural support for areas of the bone that are subject
to the greatest stress. The hematopoietic function of bone is concentrated in areas
with large amounts of trabecular bone, such as the proximal femur, the iliac crest,
and the vertebral centrum. Hematopoietic function has been shown to be coupled
closely with the maintenance of calcium balance (Broadus, 2003). The mineral component of bone not only contributes to the structural bone lattice, but also serves as
chemical storage that may be accessed for use in a variety of bodily functions when
dietary intake of calcium, phosphorous, or both is insufficient. Cortical bone stores
the bulk of bone mineral components, accounting for its dense character; however,
it has been shown that extraction of calcium and phosphorus occurs almost exclusively within the trabecular bone. The morphology of trabecular bone increases the
exposed surface area of the bone, making the extraction of elements easier than from
the dense and less accessible cortex. Once bone material has been removed, it typically is replaced promptly by secondary bone. The shared responsibility of mineral
homeostasis between the cortical and trabecular bone allows the body to respond
efficiently to rapidly shifting needs for calcium.

1.3.2

Types of Bone

There are three main types of bone, two of which will be the focus of this project.
Subchondral bone, which is the ultra-smooth bone located on the articular ends of
long bones or anywhere there is a joint with a covering of cartilage, will not be dealt
with further. Of interest to this project are cortical and trabecular bone. Although
the microstructural measurements for this project will be taken from the cortex, the
close relationship of the cortex and trabeculae make it necessary to describe both
types of bone. A transverse section through the diaphysis of a long bone reveals a
dense, outer rim of cortical bone and, internally to that, spongy trabecular bone.
Trabecular bone, also referred to as cancellous or “spongy” bone, is present in the
core of all parts of long bones, but is dominant within the articular ends (Figure 1.2
(A, B)). Trabecular bone almost completely fills the articular ends, covered only by a
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thin layer of cortical bone on the articular surface. Trabecular bone is also the main
type found in the iliac crests and vertebral centra. As the colloquial name “spongy
bone” implies, trabecular bone is an interconnected lattice of anastomosing struts,
called trabeculae (Steele and Bramblett, 1988), giving it a “spongy” appearance. The
struts of bone are of varyious thicknesses and comprise a combination of collagen and
mineral just as in cortical bone. Between the struts lie soft tissue and vascularization
responsible, in part, for hematopoiesis. Trabecular bone, as the most easily resorbed
bone, is more susceptible than cortical bone to the effects of many metabolic bone
diseases such as osteoporosis. If the bone of the trabeculae is resorbed at a greater
rate than it is replaced, the struts become weakened and disconnected from each
other. Once disconnected, the struts cannot be reattached, and the bone in that area
becomes weakened and more susceptible to fracture. Hip fractures and the separation
of the femoral head in the elderly are an unfortunate example of this effect.
Varying widths of cortical bone surround the trabecular bone. The dense, smooth,
cortical bone provides the skeleton with a balance of strength and flexibility (Currey,
2002). The durability of cortical bone is a result of a balance between the amount
of collagen and mineral that make up the cortex. Whereas there is some inherent
variation in the amounts of each component within an individual skeleton and between
different species, too much or too little collagen or mineral could predispose the bones
to damage. Cortical bone is thickest close to the mid-point of the diaphysis of long
bones. It often highly remodeled as a result of mechanical stresses on and damage to
the bone throughout the life of the animal.

1.3.3

Molecular and Cellular Biology of Bone

Bone is composed of noncollagenous proteins, collagenous proteins, and inorganic
mineral (Baron et al., 1993; Martin and Burr, 1989; Steele and Bramblett, 1988), as
shown in Figure 1.2(D) and Figure 1.2(E). The ground substance of the bone, the
osteoid, is primarily composed of glycoproteins and proteoglycans (Baron, 2003). The
proteins of the osteoid are thought to contribute to the calcification process and the
fixation of the hydroxylapatite crystallites to the collagen fibers. However, the role
of noncollagenous proteins in bone is not well understood at present. Approximately
90% of the collagenous proteins are Type I collagen and, generally, the collagen fibers
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are preferentially oriented within the bone (Ascenczi et al., 2004; Baron, 2003). The
orientation of the fibers changes from layer to layer within bone, giving the appearance
of lamellae and allowing the highest density of collagen per unit volume. The orientation of fibers in the laminae that make up the trabecular and periosteal bone may
differ from that in the concentric lamellae found around a vascular canal. The specific
patterns of fiber orientation have been the focus of research to determine the effect
on the mechanical properties (Currey, 2002). Research suggests that the arrangement
of collagen fibers is spatially specific, in order to provide increased durability to the
bone wherever the compressional and tensional stresses are focused. During increased
rates of bone formation associated with the healing of fractures, in tumors, and as
a result of some metabolic bone diseases, collagen fibers are deposited in a disorganized fashion. The quick, disorganized deposition of collagen and mineral in so-called
woven bone stabilizes the injured area. It is followed by a period of bone remodeling
that allows more optimized organization of the fibers to better support the bone in
the long term.
The mineral component of bone consists of crystals of carbonated hydroxylapatite,
Ca10(PO4)6(OH)2 (Figure 1.2 G,H). Bone apatite crystallites are tens of nanometers
in their longest dimension, and they account for about 70wt% (or 50% vol) of typical
cortical bone. The crystals form an intimate nanocomposite with the collagen fibers,
occurring on collagen microfibrils and within the collagen fibers. The close coupling
of collagen and mineral gives to bone its properties of both flexibility and strength
(Currey, 2002).

Osteoblasts
Osteoblasts are bone-forming cells. Osteoblasts begin as undifferentiated mesenchymal stem cells during the early stages of development. Undifferentiated mesenchymal
stem cells are capable of forming a variety of lineages apart from the osteoblastic
lineage, including chondrocytes, adipocytes, myoblasts, stomal cells, and fibroblasts.
Formation of the mature osteoblast is a step-wise process and differentiation occurs
under the influence of fibroblast growth factors (FGFs), bone morphogenetic proteins
(BMPs), and Wnt proteins. The necessary transcription factors for this process are
Runx2 and Osterix. As proliferation of the mesenchymal stem cells occurs, some of
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Figure 1.2: An overview of bone ranging from macroscopic (A) to nanoscopic (H)
structural levels. Whereas the level of this dissertation is mostly concerned with
parts B and C of this figure, the influences of the other structural and
organizational levels of bone formation and remodeling had to be taken into account
in order to develop the methodology presented in this study. Figure adapted from
Pasteris et al., 2008.
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them differentiate into preosteoblasts. Prior to the formation of the preosteoblasts,
the proliferating cells may differentiate and change into different cellular lineages including those not involved in the bone-forming process. However, once the cell is a
preosteoblast, there is no reversal process; it is committed to becoming an osteoblast.
As the preosteoblast changes to form an osteoblast, it is considered mature. Mature
osteoblasts are found in clusters of cuboidal cells along the surface of the bone, and
they line the bone matrix before it is calcified (i.e. develops apatite crystallites).
Osteoblasts are not mobile. At the conclusion of primary bone deposition around
a particular group of osteoblasts, the latter become enveloped within the calcified
matrix (Aubin et al., 1993; Baron, 2003; Lian et al., 2003).

Osteocytes
Once the osteoblasts become deeply embedded within the bone matrix and are no
longer capable of producing bone, they are known as osteocytes (Baron, 2003). Osteocytes are housed within lacunae or flat, lining cells. Once embedded within the newly
formed bone, the osteocytes decrease in volume and protein formation ceases. The
morphology of the osteocyte changes with age and functional activity. Although most
of the bone production capability has been inactivated in osteocytes, they have been
shown to deposit small amounts of bone around the periphery of the lacunae in which
they are housed. It has also been suggested that they play a role in cellular communication between structures within the bone. Osteocytes remain in communication
with each other and with the active bone surface via gap junctions and filamentous
processes. The filamentous processes are in place prior to ossification and form a
network of canuliculi. This communication system is extensive and physiologically
important. The total surface area of the cellular components in the combined network
of canuliculi and lacunae is estimated to range between 1000 and 5000 m2 for Homo
sapiens. Likewise, 1 to 1.5L of extracellular fluid fills a periosteocytic space around
the canuliculi and lacunae. The osteocyte will eventually be resorbed as a result of
osteoclastic activity (Baron, 2003).
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Osteoclasts
Osteoclasts are bone-resorbing cells. They are multinucleated cells containing anywhere from 4 to 20 nuclei, usually found at the interface between the calcified bone
matrix and the bone marrow (Baron et al., 1993). Unlike osteoblasts, the osteoclasts
are rarely found in large groups. There are usually only one or two osteoclasts per
resorptive site. The osteoclast’s attachment is characterized by a deeply folded border on a plasma membrane, allowing a greater surface area for resorption of the bone
matrix. The ruffled border is sealed to the bone by a dense margin of actin (Baron
et al., 1993; Baron, 2003; Mundy et al., 2003; Tolar et al., 2004). Sealing of the outer
margin creates an isolated compartment for the osteoclast and facilitates the chemical
reactions that occur within the compartment during resorptive activity (Baron, 2003;
Baron et al., 1993; Boskey, 2003; Broadus, 2003).
Formation of the osteoclast follows a series of steps similar to formation of the osteoblast. The development of the osteoclast begins in the mononuclear/phagocytic
lineage, and the cell differentiates at the early stages using the transcription factors
PU-1 and MiTf. These transcription factors are responsible for the cell’s commitment to the myeloid lineage. Proliferation of the monocyte lineage and expression
of the RANK receptor requires the macrophage-colony stimulating factor (M-CSF)
receptor. Commitment to the osteoclast lineage requires the presence of RANKL,
produced by the stromal cells, as well as a number of other enzymes which all have
downstreaming effects on RANK signaling. Unlike the osteoblast, which becomes embedded in the calcified bone matrix and changes morphology to become an osteocyte
for the duration of its existence, the osteoclast is suspected to disappear as a result
of apoptosis once resorptive activity is no longer needed. The apoptosis of osteoclast
cells is thought to be triggered by estrogen (Baron et al., 1993).

1.3.4

Bone Micromorphology

The general microstructure of bone is evolutionarily conservative. Even in the earliest true vertebrates, all of the major microstructures, including lacunae, canuliculi,
lamellae, and vascular canals, were present and highly developed (Ricqles, 1990). No
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additional or unique microstructural components have appeared, and only a few vertebrate groups did not develop the normal suite of microstructures (e.g., in some reptiles, bone is avascular, lacking the primary osteons that are in most other vertebrate
taxa). The absence of these structures is most likely due to the overall physiology and
rate of growth of the animal and not to their incapability in producing such structures
(Enlow and Brown, 1958; Ricqles, 1990). Only the organization and arrangement of
the microstructural components change within different taxa, thought to be a result
of physiological and mechanical optimization of the organism.

Primary Bone
Prior to a discussion of the general nature of bone microstructure, it is important to
note that many microstructures have more than one term associated with them, such
as primary laminae. Primary laminae are often referred to as primary or circumferential lamellae (Enlow and Brown, 1956, 1957, 1958). Because the terminology can
be confusing, please refer to Appendix A for the definitions of the terms that will be
used in the remaining chapters of the dissertation. The terminology used here will
follow that of Locke (2004) unless otherwise noted.
The bones of most taxa consist of an outer cortical layer of primary bone made of
vascular or non-vascular lamellae, depending on the physiological and mechanical
needs of the vertebrate. Lamellae within the cortex are typically three to seven
micrometers thick and are organized into three different arrangements (Enlow and
Brown, 1958). (1) Lamellae are generally organized circumferentially around the
cortex in groups separated by vascularization; such groups are called primary laminae
(Locke, 2004). (2) Within the primary laminae are primary osteons surrounded by
concentric lamellae (Figure 1.3(A)). (3) Lamellae also surround the Haversian canal,
contributing to the form of the secondary osteon (Figure 1.3(B)). Primary osteons
are centered on vascular canals, which provide nutrients and communication within
the bone. These concentric structures are not to be confused with secondary osteons,
which are similar in appearance. In addition to possessing a central vascular canal and
surrounding concentric lamellae, secondary osteons are defined at their extremities
by a cement line (reversal line), as highlighted in color in Figure 1.3(B).
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Figure 1.3: The magenta box (A) encloses several primary vascular canals. The
outlines of the canals are also marked in magenta. Primary laminae and lacunae
sweep around the primary vascular canals, rather than enclosing the canals in
concentric circles. In further distinction to the secondary osteons (B), the primary
osteons are not enclosed by a cement or “reversal line.” The red dotted line (B)
traces the reversal line of that secondary osteon. The approximately central
Haversian canal is marked in blue. Felis rufus tibia. Scale = 0.5mm
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Despite the typological appearance of cortical bone, there can be variation within its
microstructural arrangements both inter- and intrabone. Whereas some vertebrates
(including amphibians, “reptiles,0” birds, and mammals) have no variation in cortical
microstructure within the skeleton, there are many taxa that exhibit extreme variation (Enlow and Brown, 1958). The rib of Bos taurus (ox), for example, is composed
of secondary bone tissue, but the femur of the ox (with the exception of the muscle
insertions in which secondary osteons dominate) is made up largely of primary laminar tissue (Currey, 1962). When describing the histological characters of bone in a
particular taxon, skeletal variation must be taken into consideration. For comparison across taxa, the variation must be controlled by point-specific discussions of a
particular bone or part of a bone.

Secondary Bone and Cortical Bone Remodeling
The periodic resorption of bone by osteoclasts and new deposition of bone by osteoblasts is a natural cycle in the bones of most vertebrates. Bone remodeling occurs
to varying degrees dependending on the overall physiology of the animal. In some
vertebrates, such as many of the Mammalia, bone is continually remodeled. This
process produces secondary osteons that can be viewed in thin-section.
The actions of osteoclasts and osteoblasts are coordinated during remodeling in both
trabecular and cortical bone. Remodeling occurs on autonomous, focused packets of
bone that are independent of other packets also undergoing remodeling throughout
the skeleton (Mundy et al., 2003). As a result, remodeling is locally controlled by
mechanisms of the particular bone’s microenvironment, such as the effects of mechanical stresses and the need for calcium mobilization. Remodeling always follows
the same procedure, commencing with osteoclastic resorption and finishing with bone
replacement by osteoblasts (Frost, 1964).
It has been suggested that remodeling in cortical bone is controlled, at least in part, by
parathyroid hormone (PTH) and 1,25 dihydroxyvitamin D3 [1,25(OH)2D3] (Martin
and Burr, 1989; Mundy et al., 2003). As the mechanical and physiologic needs of
the skeleton change throughout the life of a vertebrate, the bone must compensate
for resorptive activity by deposition of new bone. Failure of the skeletal system to
24

repair itself or to replace resorbed material will result in the weakening of the bones
and will make them more susceptible to future structural problems. Cortical bone
is removed from the skeleton primarily at the endosteal surface, and within other
focused volumes in the mid-cortex that may need repair (Mundy et al., 2003). New
bone is deposited within newly forming secondary osteons as well as at the periosteal
surface. Periosteal accretion of bone occurs throughout life and gradually adds to
bone diameter. Of particular interest to the current investigation is bone remodeling,
which involves the development of secondary osteons.

Secondary Osteon Morphology
Secondary osteons (referred to as Haversian systems in some literature) are the replacement structures that “fill the columnar gaps” when bone material has been resorbed by the body (Figure 1.2 (B)). In transverse cross section, a secondary osteon
consists of a sub-central vascular canal surrounded by concentric lamellae that contain lacunae, which house osteocytes, and canuliculae, which interconnect the lacunae
(Figure 1.2 (C)). The border of the secondary osteon is defined by a visually distinct
cement or “reversal” line as shown in Figure 1.3 (C). This border is the result of the
cessation of bone resorption and the commencement of bone deposition during the
remodeling process. The vascular canal, also known as the Haversian canal, ranges
in diameter from ≈50 to 90 micrometers (Frost, 1961). Concentric lamellae that
surround the Haversian canal, often referred to as osteonal lamellae, in combination
with the visually distinct “reversal line,” give secondary osteons their characteristic
and easily recognizable appearance. The presence of many lamellae gives secondary
osteons an average diameter of 200 to 300 micrometers in human bone (Martin and
Burr, 1989). Secondary osteons are easily distinguished from primary osteons by the
arrangement of the lamellae, and by the presence of a cement/reversal line that marks
the outer border of the secondary osteon (Hert et al., 1994; Martin and Burr, 1989).
The orientations of osteons vary throughout an individual bone (Cooper et al., 2003;
Hert et al., 1994; Stout et al., 1999). Osteonal systems, i.e. arrays of osteons, have
been described as having a longtitudinal, spiraling morphology in long bone (Cohen
and Harris, 1958; Tappen, 1977). Differences in osteon orientation have been observed
in different taxa (Martin and Burr, 1989). In a few such studies, the average angle
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of orientation was found to be 12 relative to the longitudinal direction of the bone
(Cohen and Harris, 1958; Lanyon and Bourn, 1979). This angle coincides with the
principal strain direction in the tibiae of sheep (Lanyon and Bourn, 1979) and in
the femora of canines (Cohen and Harris, 1958). Based on radial and tangential
sections of a canine femur, the spiral arrangement of the osteonal systems was found
to begin at the periosteal surface of the bone and to proceed distally towards the
endosteum. Enlow and Brown (1958) noted that, in the long bones of Carnivora, the
secondary osteons were not arranged in uniform, longitudinal systems, but followed
an irregular, apparently inconsistent, tortuous course as seen in the cortices of many
mammalian groups. Recent examination suggests that, in the distal ends of long bone
in man, the orientation of osteons is parallel to the longitudinal axis of the diaphysis
(Hert et al, 1994). Three-dimensional studies (Hert et al., 1994) show that Haversian
canals follow particular patterns through the bone that seem to reflect the dominant
directions of mechanical stresses. In summary, the secondary osteon is generally not
parallel to the longitudinal axis of the diaphysis, but, instead, is at some angle to
that axis. Throughout the diaphysis, studies so far have found that the inclination of
the osteons ranges from 0◦ to 15◦ with respect to the bone’s longitudinal axis, with
higher-angle inclination typically at the proximal end. Several studies have also noted
that corresponding sections of contralateral bones had nearly the same number and
distribution of osteons (Amprino and Marotti, 1964; Currey, 1964). This observation
suggests that bones are affected symmetrically by mechanical forces in the process of
bone remodeling.
Secondary bone is rarely represented by a discrete, isolated structure within the cortex. Rather, secondary bone entails anastomosing or branching patterns of multiple
secondary osteons that create a complex remodeling structure (Cooper et al., 2003;
Martin and Burr, 1989). In order to get the “overall trend” of the branching osteonal
complex, the orientation of a large number of secondary osteons must be measured
with respect to the longitudinal axis of the diaphysis. Osteonal distortion, i.e., deviation from circular cross-section, in transverse sections taken from the diaphysis
is noted by many researchers (Amprino, 1963; Enlow, 1962; Harsanyi, 1990; Jowsey,
1966; Stout et al., 1999), but none has analyzed and interpreted these observations.
In previous studies, secondary osteons were excluded from the dataset if they deviated too far from a circular profile in a transverse cross section (Jowsey, 1966). If
the distortion was minimal, the lesser of the two diameters was recorded in the data
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sets (Harsanyi, 1990; Jowsey, 1966). Many early studies used only the diameter of
the Haversian canal to classify the histological structure. This practice failed to take
into consideration that the diameter of the Haversian canal is dependent on a “snapshot” of bone remodeling-bone remodeling ceases with death, which may result in
many Haversian canals that are larger than what were to be their final diameters. In
Homo sapiens, Haversian canal diameter has been found to increase slightly during
ontogeny, whereas the diameter of the entire secondary osteon (defined by the cement
line) does not. There has been no evaluation of size change of the Haversian canal
over the course of any non-human tetrapod’s life.
In Homo sapiens, bone research efforts have been and continue to be channeled toward
the detailed study of cortical structure and habit in order to better understand bone
diseases and to provide adequate treatments for those diseases (Hogler et al., 2003).
In non-human tetrapods, emphasis has not been placed on characterizing the cortical
bone system. Both normal and pathological development of cortical bone has been
well-documented for all stages of human ontogeny. The intensive study of human bone
microstructure is germane to the understanding of the development and remodeling
of cortical bone in all vertebrates and serves as a basis for the method of the present
study. No bones from Homo sapiens will be used in the current dataset because of the
large range of biomechanical lifestyles within the human population. Wide-ranging
locomotive lifestyles and activity levels affect bone microstructure (Robling and Stout,
2000). For instance, it is very likely that the rate and pattern of bone remodeling
of an Olympic athlete would vastly differ from that of a graduate student who sits
for long periods of time while doing research and writing her dissertation. The same
arguments are also raised against the use of domestic animals in the present study.
Animals that reside in an enclosed pasture and have their food regularly provided
by the farmer, tend to make minimal movements even during normal day-to-day
grazing. Such restrictions on motion and unnatural control of the movements that
do occur, make it undesirable to compare domesticated with wild animals. The
difference between wildtype bone microstructure and that of captively bred animals
was documented in Alligator mississippiensis by (Padian et al., 2004). It is promising
for the current study, however, that the osteon structure and alignment in human vs.
non-human tetrapods is sufficiently different to appear distinctive to the naked eye
(Harsanyi, 1990; Jowsey, 1966).
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Secondary Osteon Formation
Secondary osteons are bone replacement structures that are very common within
Mammalia, Aves, and Dinosauria (Botha and Chinsamy, 2000; Buffetaut, 1982; Buffrenil et al., 1990; Bumrerraj and Katz, 2001; Chinsamy, 1990, 1995a; Chinsamy et al.,
1998a,b; Currey, 1962; Curry, 1999; Diaz and Rajtova, 1975; Havill, 2004) and are
present in some “reptiles” and fossil forms, such as dicynodonts (Chinsamy and Rubidge, 1993; Enlow and Brown, 1957; Padian et al., 1995, 2004; Ray et al., 2004).
In mammals that undergo secondary bone replacement, the secondary structural imprinting occurs over a primary cortical pattern that is qualitatively distinctive to each
particular group (Enlow and Brown, 1957). Whereas variation among secondary osteons in humans is gradually becoming well-understood (Ardizzoni, 2001; Ascenczi
et al., 2004; Cooper et al., 1966; Harsanyi, 1990; Hert et al., 1994; Jowsey, 1966,
1968; Stout et al., 1999), variation among the osteons of other vertebrates has been
addressed by only a few authors (Harsanyi, 1990; Jowsey, 1966; Singh et al., 1974).
What is known is that the formation of secondary osteons is evolutionarily conservative (Ricqles, 1990), which is of great importance to the method proposed in this
dissertation. Because the formation of secondary osteons follows the same series of
predictable steps for each type of vertebrate, at least some quantitatively measurable
differences in the microstructural bone systems are likely to be unique to that organism. Therefore, it is necessary to have a basic understanding of the mechanisms
behind the formation of secondary osteons.
Secondary osteons form by the erosion of (primary) laminae and the deposition of
circumferential lamellae (Locke, 2004). The cells responsible for the initiation of bone
remodeling may originate on any bone surface not covered by cartilage or otherwise
inhibited from the remodeling process (Martin and Burr, 1989; Mundy, 2003). Resorption is most likely to begin at periosteal and endosteal surfaces, although bone
resorption has been found to occur in already existing secondary bone (Locke, 2004;
Parfitt, 1983). The mechanism that triggers the remodeling process has not been
resolved (Martin and Burr, 1989; Mundy et al., 2003). Several investigations suggest
that activation is signaled by repeated mechanical loading or fatigue damage (Enlow,
1977; Frost, 1963, 1964, 1966; Martin and Burr, 1982). Hormonal activation of remodeling has also been suggested, with the activation driven by parathyroid hormone
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(PTH) and 1-a, 25-(OH)2 vitamin D3, both regulatory hormones involved in bone
remodeling (Rodan and Martin, 1981).
The process of secondary osteon formation was first described in 1853 (Tomes and
De Morgan, 1853). More detailed investigations and descriptions of the process were
published in the 1960s (Frost, 1963, 1964; Johnson, 1964, 1966) and set the standard
for continuing research in this area. The structure resulting from the coordinated
effort of osteoclasts and osteoblasts is referred to as a Basic Multicellular Unit (BMU)
(Frost, 1963). As a functional unit, the secondary osteon is a BMU, referring to the
bone contained within the cement (reversal) line plus the Haversian canal (Martin and
Burr, 1989). During formation of the BMU, there are three phases of bone remodeling.
Referred to as the ARF process, the first phase is activation (A), which is followed
by resorption (R) and then by bone formation (F). In humans, the ARF process is
completed in approximately 200 days (Baron, 2003). Activation begins with formation
of osteoclasts from stem cell populations. The osteoclasts created at this stage survive
the entire resorptive process before being subject to apoptosis when they are no longer
needed. The differentiation of osteoclasts takes approximately three days, after which
the section of bone to be resorbed is targeted and opened by the acidic secretions
of the osteoclasts. Once resorption begins, movement of the osteoclasts follows a
longitudinal direction (relative to the longitudinal axis of the bone) and progress of
the osteoclasts is approximately 40-50 m per day (Martin and Burr, 1989). During
this stage of remodeling, the cells are arranged in the characteristic “cutting-cone”
(Baron, 2003; Mundy et al., 2003) typical to the formation of all secondary osteons.
In tangential and radial cross section, cutting cones are observed passing one another
in opposite directions (Martin and Burr, 1989), showing that the resorptive activity
does not have a preferential direction. It is also possible that the resorption tunnel
may be “double-ended”, activating at a single location and resorbing in opposite
directions (Tappen, 1977).
Once the resorption period has ceased, there is a time lag before redeposition. The
reversal from osteoclastic to osteoblastic activity occurs over a few days. Deposition of bone begins around the periphery of the tunnel created by the cutting-cone,
averaging a rate of radial closure of 1-2 m per day. The (earliest secondary) bone
deposited around the periphery of the cutting-cone is what is recognized as the cement/reversal line of the completed secondary osteon. The material initially deposited
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by the osteoblasts is osteoid, an unmineralized matrix of bone. After a lag time of
approximately 10 days, the mineral component of bone is deposited. Approximately
60% of the calcification of unmineralized bone matrix occurs within the first 24 hours
(Parfitt, 1983), taking place within and between collagen fibers. The cylindrical
cutting-cone does not completely refill with bone matrix. Instead, a central, cylindrical region of the secondary osteon is left empty for vascularization of the structure.
This vascular space is the Haversian canal, the diameter of which is somewhat species
specific (Martin and Burr, 1989).
Secondary osteons are generally less than 250 micrometers in diameter regardless of
the body size of the vertebrate (Jowsey, 1966). There seems to be a general increase
in size of secondary osteons as the size of the vertebrate increases, but it is rare that
the osteons within an individual are consistently over 250 m in diameter. The size
of secondary osteons does not change significantly with ontogeny. However, the size
of the Haversian canal increases over time in human long bones. Possible variation
in Haversian canal diameter with ontogeny has not been investigated for non-human
vertebrates. Secondary osteons are complex structures (Cohen and Harris, 1958; Hert
et al., 1994; Stout et al., 1999). Due to the concentration of remodeling structures
around muscle attachment sites, biomechanical stress has been thought to be the
major component responsible for remodeling dynamics. Muscle attachment sites are
generally under a greater amount of mechanical stress than the rest of the bone
(Lanyon and Bourn, 1979). Whereas the mechanisms by which cells are signaled
to differentiate into secondary bone are still under study (Mundy et al., 2003), a
prominent hypothesis is that the BMUs respond to mechanical loads, fatigue damage,
or both (Martin and Burr, 1982) to begin the remodeling process.

Secondary Osteon Biomechanics
Secondary bone shows reduction in compressive and shear strengths, flexural fatigue
strength, and resistance to tension compared to primary cortical bone (Carter and
Spengler, 1978). A study of secondary osteons indicated that the maximum values
for resistance to tensile, compressive, and shear forces before failure varied among
individual osteons (Ascenczi and Bonucci, 1964, 1967, 1968, 1972). The differences
in values were thought to be attributable, at least in part, to the mechanical stresses
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locally extant in the part of the bone from which the osteon was extracted. Variation in stress resistance was also thought to result from variation in collagen fiber
orientation in each lamella (which is also suspected to be the result of mechanical
influence). The osteonal lamellae, although their microstructural arrangements seem
the same at the micrometer scale, differ quite significantly in structural properties
and resistance. In the human femur, the orientation of the collagen fibers differs depending on whether the part of the bone in which they are located is subject to tensile
or compressive forces (Currey, 2002; Portigliatti-Barbos et al., 1983, 1984). Regions
subjected to tensile stresses have a greater proportion of longitudinally oriented collagen fibers than regions of compressive stress. Bone volumes subject to compressive
stress contain more transversely oriented collagen fibers. Electrical properties of cortical bone also may be responsible for the alignment of osteons (Martin and Burr,
1989). Osteoblastic and osteoclastic differentiation and activity may be controlled by
strain-induced electric potentials that encourage osteons to align with the principal
compressive strain direction. The population density of osteons also may be due, in
part, to the electrical potentials caused by mechanical strain. Subperiosteal osteons
are associated with a strongly positive surface charge related to a greater amount of
tensile stress. Negative surface charges on bone are usually associated with compressive mechanical stresses and appear in areas dominated by circumferential lamellae
(McElhaney, 1967). Such osteon distribution factors may prove useful in the analysis
and interpretation of the locomotive habits of both extant and extinct vertebrates.
Such factors may also contribute to taxonomic differentiation.

1.4

Taxonomy Versus Phylogeny

The intended goal of the present study is to develop a methodology that will allow
researchers to distinguish and identify taxa within a stratigraphic horizon or assemblage. It is important to note that the goal of the present investigation is not to infer
any phylogenetic relationships among the taxa included in the datasets. The method
presented in this dissertation is intended to detect the taxonomic “fingerprint” of a
specimen rather than to infer specimen relationships. Admittedly, some phylogenetic
characters may be discovered from microstructural analysis. The distinction in goals
is important to clarify because, particularly in the paleoosteohistological literature,
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the terms phylogeny and taxonomy are closely associated and often used in a complementary manner during discussion. Unfortunately, the terms are also often used
synonymously (Ricqles, 1990). This practice is clearly inappropriate. Whereas phylogeny refers to the evolution or evolutionary history of a genetically related group of
organisms, taxonomy is the study of the general principles of scientific classification
of organisms.
There is a general understanding within vertebrate paleontology that a taxonomic
classification cannot be developed by way of phylogenetic study. For example, if
there is a “knob” on the femur, it is presumed to mean something in a phylogenetic
sense. If it is absent, it also presumably means something. The knob is coded in a
phylogenetic character matrix as a one (present) or a zero (absent). However, the
discrete morphology of the knob itself is rarely addressed at a detailed level during
phylogenetic analysis. Detailed description of a specimen, in contrast, is usually reserved for and limited to the identification of the specimen taxonomically. Therefore,
the disconnect with phylogenetic analysis arises as the detailed morphology of gross
characters is not included in the evaluation. Interestingly, phylogenetic analysis that
incorporates paleohistology has been criticized on the basis that there is too much
variability within bone microstructure to make it a useful phylogenetic character. A
look at a histological section will reveal a myriad of structures that are seemingly
alike and also seemingly randomly arranged. There are no “knobs” to be declared
present or absent on a secondary osteon, like those paleontologists are used to on a
gross morphological scale. While reference to gross morphology in phylogenetics has
become a comfortable and cosmopolitan practice among vertebrate paleontologists,
investigation into the microstructure of bone is relatively rare and is only employed
by “specialists” within the field.
The absence of a large, active community of bone microscopists and interpreters
results in much speculation about bone micromorphology, as well as common misunderstanding and confusion of terms. Another intellectual barrier to the regularized
interpretation of bone micromorphology (compared to gross morphology) is the need
to deal with specific challenges in evaluating variations at a fine spatial scale. The
skills to analyze the microstructure of a bone must be honed more carefully than
those to describe gross morphology. Evaluation of bone micromorphology demands
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a system that does not rely simply on the presence or absence of a particular feature
to enable taxonomic identification and, perhaps, to reveal phylogenetic relationship.
The remaining chapters of this dissertation deal with specific aspects of taxonomy and
the proposal and testing of a quantitative means of representing micromorphologic
features of bone and their taxon-specificity.
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Chapter 2
The Location of Variation
Amongst Dinosaurian Species

2.1

Introduction

There is no quantitative principle governing the designation of a new dinosaurian
species. Paleontologists operate under a loosely defined “morphological species concept” that allows specimens of the same genus to be designated as different species
only if, in addition to the morphological characters that unite them within that genus,
there are also gross morphological distinctions (Benton and Pearson, 2001; Carrasco,
1998; Hey, 2001; Lewin, 1986; McAlester, 1962; Miller, 2001; Simpson, 1951; Sokal,
1973; Weller, 1961). The challenge in the taxonomy of extinct organisms, particularly
vertebrates, is that time typically has reduced the evidence of shared genetic material
to only the preserved bone. Moreover, the rarity of bone preservation has left the
fossil record inherently incomplete, but abounding in fragmentary specimens (Holtz
et al., 2004). Being able to identify these incomplete and fragmentary specimens
would bring vast amounts of new data to paleontological inquiry. The methodology
and test datasets in the chapters that follow focus on using characteristics of bone
microstructure from the postcranial vertebrate skeleton to taxonomically distinguish
tetrapods. In order to substantiate the purpose and importance of focusing on the
postcranial skeleton in the new method of using bone microstructure, this chapter
presents a literature-based evaluation of the anatomical location of published skeletal
variations among dinosaurian species.
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The Dinosauria was one of the most successful vertebrate groups, dominating nearly
all terrestrial niches for over 160 million years. Despite the relatively large amount
of dinosaurian skeletal material available, there is still a struggle to resolve taxonomic and phylogenetic issues, the foundation of paleontology. Whereas the genus
is the typical, operational taxonomic unit in dinosaurian paleontology, species-level
taxonomy remains the goal (Holtz, 1998). In most cases, remarkably, a dinosaurian
genus has only one species assigned to it (Weishampel et al., 2004). This Chapter,
however, focuses exclusively on those dinosaurian genera that have more than one
species assigned to them. This is an historical overview of congeneric dinosaurian
species, cataloging the number of morphological differences present between species
and identifying the skeletal sections containing those differences. The goal is not to
define the concept of dinosaurian species, but rather to highlight those areas of the
skeleton that have been and continue to be the focus of the classification process.
Abbreviations- D, morphological differences in dentition; D#, differences in number of teeth; F, forelimb; H, hindlimb; PC, pectoral girdle; PL, pelvic girdle; R, ribs;
RO, overall more robust/gracile; RP, part of body more robust/gracile; S, skull; SC,
scutes; SG, number of species within the genus; SZO, overall size; T, total number of
differences; V, morphological differences in vertebrae; V#, differences in the number
of vertebrae.

2.2

Methods

A complete survey of morphological variations within a dinosaurian skeleton requires
that each ossification be considered individually. In order to do this, the number of
ossifications in a “generalized” dinosaurian skeleton must be determined. The overall
morphology of the dinosaurian skeleton is extremely variable. Consideration of the
morphological differences between such dinosaurian groups as the Theropoda and the
Sauropoda clearly illustrates this skeletal variation. Despite the phenotypic differences among dinosaurs, their skeletons, like those of most tetrapods, are composed of
generally the same suite of elements. For the present historical survey, the number
of total ossifications is based on the skeleton of Herrerasaurus (Reig, 1963), a late
Triassic theropod considered to be a basal member of the Dinosauria (Galton, 1985;
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Reig, 1963), and the survey is enhanced by an overview of more derived dinosaurian
osteology. A total of 332 distinct, named ossifications are recognized, not including
dentition.
Each bone was weighted equally in the analysis. To avoid giving too much weight
to serially repeated bones in the axial column and to compensate for the highly
variable number of vertebrae within the dinosaurian skeleton, the vertebral column
was represented by one of each type of vertebra. Each specimen was considered to
have an atlas, an axis, one cervical vertebra, one dorsal vertebra, one sacral vertebra,
one anterior caudal vertebra, and one distal caudal vertebra. Just as the number of
serially repeated bones was reduced for consideration, bilaterally duplicated bones
were reduced by one half. Ribs are both serially repeated and bilaterally duplicated.
One of each type of rib, including cervical, dorsal, and sacral ribs, as well as a chevron,
was included in the analysis. If a skeletal distinction for taxonomic purposes was
present in a bilaterally or serially duplicated bone, the assumption was that the
same distinction also is present in the match of the pair or in all bones of the series,
respectively. Sensory elements, such as sclerotic plates, stapes, and hyoids, were not
diagnostic for any of the taxa in this investigation and thus, were not included in
the total bone count. Using the guidelines set above, the total number of bones
was reduced from 332 ossifications to 89, including one of each type of dentition (a
premaxillary, maxillary, and dentary tooth). Without bone repetition, the remaining
89 bones used in this study will herein be referred to as the “reduced dinosaurian
skeleton.”
For purposes of analysis and comparison, the dinosaurian skeleton was partitioned into
morphological categories including discrete body sections as follows: Skull, Dentition,
Vertebral Column, Pectoral Girdle, Forelimb, Ribs, Pelvic Girdle, Hindlimb, and
Scutes. Morphological categories also included any characters relating to overall size
and robustness, as well as differences in the size and robustness of individual bones.
For all species, each diagnostic character was assigned to its respective body section
or size/robustness column in a spreadsheet format.
The skeletal differences of 104 dinosaurian species belonging to 39 genera were considered (see Figure 2.1 and Appendix B in this investigation (Averianov, 2002; Barrett et al., 1998; Blows, 1996; Boulenger, 1881; Brown, 1912, 1913, 1916; Brown and
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Schlaikjer, 1942; Buffetaut and Le Loeuff, 1991; Bunzel, 1871; Carpenter and Wilson,
2008; Chao, 1962; Cheng, 1983; Cope, 1876; Currie and Zhao, 1993; Currie et al., 1990;
Galton, 1975, 1983; Galton and Powell, 1980; Galton and Taquet, 1982; Garcia and
Pereda Suberbiola, 2003; Gauffre, 1993; Gilmore, 1924, 1930, 1933; Godefroit et al.,
1999, 2008; Hatcher, 1901, 1903; Haughten, 1924; He et al., 1984; Holl, 1829; Holland,
1924; Holmes et al., 2001; Hooley, 1925; Horner, 1992; Hu, 1973; Hulke, 1881; Jensen,
1988; Kurzanov and Tumanova, 1978; Lambe, 1902, 1913, 1914, 1915; Lambert et al.,
2001; Lehman, 1989; Lydekker, 1877, 1879, 1888, 1889; Mantell, 1825; Marsh, 1878,
1884, 1889, 1890a,b, 1894; Matheron, 1869; McIntosh and Williams, 1988; Meyer,
1861; Nopsca, 1900, 1915; Osborn, 1923, 1924a,b; Ostrom, 1961; Parks, 1920, 1922,
1923, 1933; Raath, 1969; Rowe, 1989; Russell, 1996; Ryan and Russell, 2005; Sankey,
2001; Sereno and Chao, 1988; Sternberg, 1928, 1933, 1935, 1940; Stromer, 1915; Sues,
1997; Upchurch et al., 2004; Virchow, 1919; Weishampel and Bjork, 1989; Weishampel et al., 2003; Williamson and Carr, 2002; Wiman, 1931; Xu, 1997; Xu et al., 2000,
2003; Yates, 2003; Young, 1930, 1939, 1958; Zhou and Wang, 2000). The reported
differences between dinosaurian species were cataloged based on a combination of primary publications on the species and subsequent information that has been published
since the original species diagnosis. In the comparison of two or more species within
the same genus, the most recently attributed species was used as the reference taxon.
In cases of only two species within a genus, calculating the number of differences was
straightforward. The number of differences was determined by comparing the most
recently classified species to the type species of the genus. If there were more than
two species attributed to a genus, the only differences counted were those diagnostic
characters of the most recently classified species that were distinct from all other
species in the genus. Each specimen was assumed to be osteologically complete.

2.3

Considerations and Assumptions

Fossil skeletons are likely to be incomplete. Moreover, there is a high probability that
those skeletal elements that are preserved do not embody all of the characteristics
indicative of a particular dinosaur’s “morphological space.” Although this work attempts to include only those species that are accepted currently as legitimate, this is
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Figure 2.1: The literature revealed 227 morphological differences that distinguished
species within 39 dinosaurian genera. Genera are arranged by dinosaurian “group”
and are listed within each “group” by alphabetical order. The vertical blue line
separates cranial (to the left) from postcranial characteristics (to the right). The
total number of recorded differences is highlighted in yellow.
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a subjective part of science, and there may be some healthy difference of opinion. Dinosaurian taxonomy is always in a state of revision; species of dinosaur are continually
defined, synonomized, and dissolved (Benton, 2008). There are several dinosaurian
genera that were excluded from this study because one or more of the species has
been dissolved or is problematic. Within the Saurischia, the two species of the theropod genus Erectopus have recently been reduced to a single species (Allain, 2005).
Also excluded were the sauropodans Omeisaurus, Rayososaurus, Mamenchisaurus,
Dicraeosaurus, Brachiosaurus, and Saltasaurus. There is some concern over whether
Omeisaurus tianfuensis (He and others, 1984) is a new species because, although it is
a more complete skeleton, it exhibits no new diagnostic characters in the skeletal material that overlaps with that of OOmeisaurus junghsiensis (Young, 1939, Zhang and
Chen, 1996). Rayososaurus was not included because the validity of the genus is still
under debate (Bonaparte, 1996; Calvo and Salgado, 1995). Mamenchisaurus is considered here as a “wastebasket taxon” whose morphology is in need of major revision (He
et al., 1996; Hou et al., 1976; Pi et al., 1996; Young, 1954; Young and Chao, 1972;
Zhang et al., 1998) as are the morphologies of Dicraeosaurus, Brachiosaurus, and
Saltasaurus. Within the Ornithischia, morphologic details of Stegosaurus, Probactrosaurus, and Edmontosaurus are in need of organization and revision. The genus
Hypacrosaurus is not included because the species H. stebingeri (Horner and Currey,
1994) is based on embryonic and neonatal material and no diagnostic characters are
stated with the description of this material. Both Stegoceras and Prenocephale are
problematic taxa (Sullivan, 2003). A special note is made here about the ornithischian Pinacosaurus. This genus is included in the study, but with some caveats. The
diagnostic characters of P. mephistocephalus (Godefroit et al., 1999) that were reported as tentative due to the ontogenetic age of the specimen and not considered
here.

2.4

Results

Based on the reduced dinosaurian skeleton (89 ossifications), the literature on the 39
dinosaurian genera revealed 227 morphological differences that distinguished species
(Figure 2.1). Within the Dinosauria, those morphological features that distinguish
cogeneric species are confined to only about 6.5% of the individual ossifications in
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the reduced dinosaurian skeleton. An average of 5.8 diagnostic characters distinguishes species assigned to the same genus. The distribution of the differences for
each genus is summarized in Figure 2.1. The total number of differences between
congeneric species ranged from a minimum of one skeletal difference between species
of Spinosaurus Stromer 1915, to a maximum of 21 skeletal distinctions among the
species of the genera Dryosaurus Marsh 1894 and Camptosaurus. Most importantly
for the broader study, a total of about 55% of the diagnostic differences in cogeneric
species of dinosaur occurred in the skull and dentition, whereas 41% occurred in the
postcranial skeleton. The remaining 4.4% were distinctions related to the size and
robustness of skeletal elements. Organized in descending order of number of diagnostic characters within each body section, morphological differences in the cranial
bones (not including the dentition) accounted for about 48% of the total number of
differences, the vertebral column for 14.5%, the pelvic girdle for 8.8%, the hindlimb
for 6.2%, the forelimb for 5.7%, morphological changes in the dentition for 5.3%, pectoral girdle for 3.5%, overall specimen size difference for 2.6%, changes in the number
of teeth for 1.8%, robusticity changes in a skeletal element for 1.3%, scutes for 0.9%,
differences in the number of vertebrae for 0.9%, ribs for 0.4%, and overall changes
in robustness for 0.4%. Thus, cranial characteristics alone accounted for a greater
number of differences than all the post-cranial characteristics combined.

2.5

Discussion

One of the assumptions of this exercise was that all of the dinosaurian species were
known from osteologically complete material. Fossil quality of newly designated dinosaurian species has been shown to have risen in the past 30 years (Benton, 2008).
However, there is still a large number of species that are known only from fragmentary
skeletons, including several valid species that date to the late 1800s and are included
in this survey. To augment the interpretation of the data presented above, it is worth
reviewing and considering what material is preserved in each species before deciding
whether we are taking full advantage of the skeleton for taxonomic differentiation.
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2.5.1

Skull and Dentition

Dinosaurian skull material has been prized for its perceived uniqueness and rarity in
the fossil record. Even when only small portions of skull material are present, analysis
of that material often reveals a morphological difference that is interpreted as a diagnostic characteristic for species differentiation. All of the species in 26 of the 39 genera
in this study are represented by skeletal material that included at least part of the
skull and/or dental material. The genera with preserved skull and/or dental material
are Syntarsus Raath 1969, Richardoestesia Currie et al. 1990, Chirostenotes Gilmore
1924, Sinraptor Currie and Zhao 1993, Saurornithoides Osborn 1924a Microraptor
Xu et al. 2000, Velociraptor Osborn 1924a, Pinacosaurus Gilmore 1933, Edmontonia Sternberg 1928, Amtosaurus Kurzanov and Tumanova 1978, Rhabdodon Matheron 1869, Zalmoxes Weishampel et al. 2003, Dryosaurus, Camptosaurus, Iguanodon
Mantell 1825, Gryposaurus Lambe 1914, Prosaurolophus Brown 1916, Saurolophus
Brown 1912, Lambaeosaurus Parks 1923, Parasaurolophus Parks 1922, Sphaerotholus
Williamson and Carr 2002, Psittacosaurus Osborn 1923, Protoceratops Granger and
Gregory 1923, Leptoceratops Brown 1914, Centrosaurus and Chasmosaurus Lambe
1915. For all of those 26 genera, portions of the skull or dentition were used to differentiate cogeneric species with the exception of Microraptor. Interestingly, although not
all of the species of Diplodocus Marsh, 1884 have preserved skull material available,
the skull was still used for species diagnosis in addition to postcranial distinctions
(Hatcher, 1901; Holland, 1906, 1924; Marsh, 1878, 1884).
Of the 104 species cataloged, 14 species are known only from skull and dental remains:
Richardoestesia gilmorei Currie et al., 1990, Richardoestesia isosceles Sankey, 2001,
Velociraptor osmolskae Godegroit and others, 2008, Amtosaurus magus Kurzanov et
Tumanova, 1978, Amtosaurus archibaldi Averianov, 2002, Diplodocus lacutris Marsh,
1884, Rhabdodon septimanicus Buffetaut and Le Loeuff, 1991, Zalmoxes shqiperorum
Weishampel et al., 2003, Iguanodon fittoni Lydekker, 1889, Sphaerotholus buchholzae
Williamson and Carr, 2002, Sphaerotholus goodwini Williamson and Carr, 2002, Psittacosaurus ordosensis Russell and Zhao, 1996, Protoceratops hellenikorhinus Lambert
et al., 2001, and Chasmosaurus russelli Sternberg, 1940.
Moving up one hierarchical level, 17 genera that include two or more species are
distinguished from each other using only skull and dental remains. Three of the 17
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genera, Richardoestesia, Amtosaurus, and Sphaerotholus, are known solely by skull
and dental material. In six of those 17 genera, however, Sinraptor, Pinacosaurus,
Edmontonia, Gryposaurus, Prosaurolophus, and Parasaurolophusall included species
that have complete postcranial skeletons as well as skull and dental remains.
The number of cranial features in which cogeneric species differ often tracks with the
amount of skull and dental preservation (Figure 2.2). When there is a greater amount
of cranial material preserved, there tends to be a larger number of defined cranial
diagnostic characters. The total number of cranial ossifications and dentition accounts
for 39.3% of the 89 bones in the reduced dinosaurian skeleton used in this study. With
a total of 55.1% of dinosaurian diagnostic characters found in the cranium, it appears
that there is a prioritization of cranial material with regard to species diagnosis.
It must also be considered that specimens very often do not preserve a complete
skull. Cranial material is rare when compared with postcranial remains, is often
incomplete, and is often distorted. However, attraction to cranial material is justified
given that the skull alone is comprised of 64 separate and highly varied ossifications.
The variation present within the ossifications of the skull cannot be matched by the
postcranial ossifications, many of which are serially repeated.

2.5.2

Postcranial Remains and the Next Frontier
of Distinguishing Dinosaurian Species

Unlike for cranial characters, the distribution of designated postcranial diagnostic
characters in dinosaurian groups does not track with the amount of material preserved
(Figure 2.3). In this study, 31 of the 39 genera contain species whose specimens preserved at least part of the postcranial skeleton, but for only 20 of those 31 genera have
species been distinguished based on postcranial characters. Fourteen of the 39 genera
in this study distinguish cogeneric species using only post-cranial remains (Figure
2.1), the majority of which species did not have skull material available. When there
is no cranial material, postcranial remains are highly scrutinized for morphological
differences. The results of the present study suggest that the postcranium has been
a low-priority focus historically, but that it is very useful in species diagnosis. In this
sense, it may hold untapped potential for the diagnosis of taxa.
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Figure 2.2: The number of dinosaurian genera for which cranial remains are
preserved for all of their species (black bar) compared to that subset of genera for
which cranial diagnostic characters distinguish its species (gray bar). If cranial
skeletal remains exist for all species within a genus, at least one cranial diagnostic
character likely will have been reported. No cranial remains are known for some of
the species of Diplodocus (Sauropodomorpha), yet there are cranial diagnostic
characters that distinguish the species with in that genus.
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Figure 2.3: The number of dinosaurian genera for which postcranial remains are
preserved for all of their species (black bar) compared to that subset of genera for
which postcranial diagnostic characters distinguish its species (gray bar). Presence
of postcranial material for all species within a genus does not ensure that even one
postcranial character has been designated as diagnostic.
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In many of the genera, complete postcranial remains are present in addition to substantial cranial material, yet few or no diagnostic characters are reported for the
postcranium. This observation may reflect an actual absence of postcranial skeletal
differences, but this outcome seems unlikely. Despite the heavy, preferential focus
on only the cranial material in the literature, there are still numerous examples of
the successful species diagnosis in the absence of any skull material. The fact is
that the majority of bones found in the dinosaurian fossil record belong
to the postcranium. Paleontologic descriptions and analyses of specimens need
to reflect this abundance in order to create a more complete view of morphological
changes through time. Galton (1975, 1983), in his works on the hypsilophodontid,
Dryosaurus, extensively compares both the cranial and postcranial material from two
species, the result of which is 21 diagnostic characters. This thorough effort is among
the minority in dinosaurian description. Yet, the implications of such careful study
go beyond species diagnosis to address evolutionary and paleogeographical questions.

2.6

Conclusion

This study serves as a benchmark in historical validation of the recognized, congeneric
dinosaurian species. The results are also a reminder that species designation is subject
not only to skeletal preservation, but also to historically developed methodologies and
to the biases of anatomical focus, which may be due to the desire to highlight one’s
own work and one’s institution. The process of species recognition is, therefore, not
even-handedly applied across all fossil material.
The pattern of diagnostic character distribution, however, is largely grounded in the
skeletal material present for each species. The very extensive use of any cranial
material present for evaluating congeneric species, with the exception of Microraptor,
contrasts with the limited use of postcranial material in the diagnosis of species.
This outcome suggests a bias in the analysis of dinosaurian specimens, showing a
preference toward cranial material when distinguishing new species. Cranial material
will almost always yield diagnostic characters. A shift in skeletal scrutiny toward
those parts of the body shown here to carry very little taxonomic focus, such as the
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forelimbs, hindlimb, ribs, and pectoral girdle, therefore, could produce a more wellrounded perspective on the dinosaurian skeleton. A comparison of Figure 2.2, Figure
2.3, and the tabulated results in Figure 2.1 support the investigation of alternative
methods for taxonomic identification using postcranial material of fossil tetrapods.
As vertebrate paleontology moves forward, there should be a time when the subjectivities of taxonomic classification will give way to standard, quantitative methods of
specimen analysis. Although there are reports of short protein sequences preserved
in dinosaurian collagen (Asara et al., 2007; Schweitzer et al., 2005a,b, 2007) and color
preserved on feather impressions (Vinther et al., 2008), the majority of preserved
material that will be available to paleontologists in the foreseeable future is replaced
bone material. What are the options for more quantitative assessment of bone features that will give taxonomic information? The results of this study suggest that
postcranial bones and their inherent features are the answer to the above question.
The data assessment documents that postcranial bones in the Dinosauria (1) typically
are poorly described compared to cranial bones (Figure 2.1) and (2) are less likely
than cranial bones to be used to define a species, making postcranial bones an available, but largely untapped resource (Figure 2.3). The lack of detailed descriptions of
postcranial material means that their diagnostic influence in uncertain, suggesting a
solid cause for future study.
Of interest to the current thesis project is the potential for quantification of postcranial bone morphologic features in order to alleviate taxonomic problems in fossil
specimens. Such an approach is well-suited for the analysis of the microstructural
features of bone.
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Chapter 3
Methods

3.1

Introduction

This study involves a microscopic and statistical analysis of the microstructural features of tetrapod bone. This chapter describes (1)the methods of sample preparation,
(2)the features that were measured, (3)the geometry of the microstructural metrics
used in analysis, (4)the tools used form micrographic and staistical analysis, and (5)
the metrics used in the analysis.

3.2

Preparation of Bone for Histological Analysis

The described thin-sectioning technique has been applied successfully to the bone
of modern mammals, dinosaur bone, and lithologic samples. Although there is no
absolute “correct” way to make histological sections of hard tissues, published techniques generally use the same set of core processes (Buffrenil et al., 1990; Chinsamy,
1992; Enlow and Brown, 1956). While maintaining the core process, I also sought to
minimize cost given the lapidary equipment that was available in the Department of
Earth and Planetary Science at Washington University in Saint Louis and my choices
in consumable products. For a list of the thin-section equipment and materials, refer
to Figure 3.1.
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Figure 3.1: Permanent equipment and consumables used in the thin-sectioning
procedure.
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3.2.1

Petrographic Thin-Section Procedure

The procedures used for preparing sections of bone can be divided into six phases:
(1) Photography and measurement of specimen gross morphology, (2) sectioning of
bone, (3) embedding of sectioned bone, (4) grinding and polishing the surface to be
affixed to the slide, (5) mounting the stub, and (6) cutting, grinding, and polishing
the upward-facing bone surface.

Photography and Measurement of Specimen Gross Morphology
The thin-section procedure is a destructive process, and some aspects of the gross morphology of a bone will be lost during the creation of a slide. To offset the destructive
impact, all bone specimens were photographed in anterior, posterior, medial, lateral,
proximal, and distal views before sawing began. I recorded the maximum length of
each specimen and, if applicable, also the diaphyseal lengths along the anterior, medial, and interosseous margins, minimum diaphyseal width, and the mediolateral and
anteroposterior widths of both the proximal and distal ends of the bone. Overall bone
description was also recorded. The descriptions below refer to both the comparative
studies among the different mammalian groups and the analysis of microstructural
variation carried out on a single skeleton of a white-tailed deer.

Sectioning of Bone
I divided the diaphysis (i.e., shaft) or body (in the case of ribs) of each O. virginianus
bone specimen into five equal transverse sections (Figure 3.2), with the exception of
the phalanges. Because of their smaller size, the phalangeal diaphyses were divided
into three sections each. The mid-diaphysis for each long bone was located at a
measurement equidistant from each epiphyseal suture line along the anterior margin.
The mid-point of the rib body was located at a measurement equidistant from the
proximal and distal ends. Four additional markings (two additional markings on the
phalanges), two proximal and two distal to the mid-diaphyseal point, completed the
division of the shaft for initial cutting of the specimen. All other mammals were
sectioned only at the mid-diaphysis using the same guidelines explained above.
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Figure 3.2: Each long bone and rib from O. virginianus was measured and cut into
five equal sections (1-5). All other mammal specimens were cut only at the
mid-point of the diaphysis. The mid-point of the diaphysis (3) was determined as
equidistant from the proximal suture (PS) line and distal suture (DS) line of the
articular ends. Left humerus of O. virginianus.
Rough cuts of the bone were made on a tile saw fitted with a diamond blade. To
ensure that the bone diaphysis was perpendicular to the blade, the epiphyses were
placed on small sand bags and leveled before cutting. After cutting, I marked each
bone section with a waterproof pen to indicate the proximal direction and the section
number. The most proximal section was always labeled as “section 1” (3.2).

Embedding of Sectioned Bone
Modern bones can become brittle over time and need to be embedded in a resin or
other suitable mounting medium to ensure their structural integrity throughout the
thin-sectioning process. I used a low viscosity epoxy, Epo-thin, that can either be
cold-cured or forced with heat. In order to allow for easy specimen release after the
epoxy has cured, the Leco reusable cup molds used to hold the specimens during
the embedding process were coated with release agent (Figure 3.1). I placed a small
amount of Epo-thin epoxy, prepared according to the directions, in each cup mold
prior to the emplacement of each specimen to ensure full coverage by the epoxy of the
specimen and reduction of air bubbles. This study required that all bone specimens
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be placed in the cup molds with the distal end facing down. After placement of all
specimens, I added enough Epo-thin to each mold to cover the specimen. All specimens were then placed in a vacuum oven set to 70C and evacuated for approximately
20 minutes to remove any air bubbles from the epoxy. After 20 minutes, the vacuum
was released slowly and the specimens were left to cure in the oven for no less than 7
hours. Once cured, the specimens were allowed to come to room temperature before
removal from the cup mold.

Grinding and Polishing of the Surface to be Affixed to the Slide
To prepare each specimen for adhesion to the petrographic slide, I ground and polished
the distal side of each specimen using a series of abrasive-embedded metal plates or
wheels on a water-lubricated Ecomet polisher/grinder by Buehler. Two wheels were
used in succession with grit sizes of 75m and 10m, respectively. The manual grinding
technique consisted of a series of no less than 160 figure-8’s per specimen per grit size
to achieve desired results. A 10m polish was sufficient to enable clear visualization
during microscopy as well as to allow for good specimen adhesion to the slide.

Mounting the Stub
The dry, polished surface of the bone stub was then mounted onto a petrographic
glass slide. A small amount of Epo-thin was used to affix the distal end of the bone
specimen to the slide, making sure that no air bubbles were present. Each slide with
its attached specimen then was weighted on top and placed on a hot plate set to 70C
for no less than 7 hours to allow the epoxy to cure.
In the steps that follow the mounting of the bone sample onto the glass slide, the
specimen is exposed to a large volume of water. To ensure proper identification of
each slide, I etched the specimen number, bone type, and saw-cut number into the
glass.
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Cutting, Grinding, and Polishing the Upward-Facing Bone Surface
To reduce grinding and polishing of the proximal end of each specimen, excess sample
was removed with a 5” diamond blade mounted on a water-cooled Ingram thin-section
cut-off saw. Each bone sample was reduced in thickness to 2mm. I ground and
polished the proximal end to remove saw blade marks following the same procedure
as for the distal end prior to adhesion to the glass slide. However, an additional
polishing step was added using 1m diamond polishing powder on a precision lapping
and polishing machine by Logitech. Polishing proceeded for no less than 30 minutes or
until the desired final thickness was achieved. I determined optimal thickness of each
thin-section individually using a light microscope. The goal was to thin the sample
sufficiently to allow crisp visualization and measurement under the microscope. All
thin-section thicknesses were on the order of tens of micrometers. Adhesive labels
were used for the final labeling of the slides.

3.2.2

Microscopy and Micrographs

All microscopy was done using an Olympus BH-2 (the “BobScope”) polarized light
microscope mounted with Olympus digital microscope camera DP70. I digitally micrographed each specimen in its entirety, creating a mosaic of images using either
objective 5x or 10x, depending on the needs of the analyses to follow. Optimal visualization and light control were achieved using the MicrosuiteT M Five image analysis
software by Olympus.
In all digital micrographs, the periosteal surface of the bone is parallel to the left side
of the field of view. Each thin-section is photographed entirely beginning with the
anterior-most point of the bone and then rotating incrementally in a counterclockwise
direction. Repeat measurements of the same microstructures are avoided by marking
a starting/ending point on the thin section to signal when the images are complete
and also by comparing consecutive photos.
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3.3

Quantitative Metrics for Analysis

Testing the hypothesis of tetrapod identification on the basis of bone microstructure
demands the ability to make quantitative measurements on analogous microstructures in the cortical bone of different tetrapods. The goal of my measurements is the
objective, reproducible quantification of physical structure. Among the challenges
in developing an acceptable methodology was the need for quantitative metrics that
would help reduce measurement error (see Bailey and Byrnes, 1990) while maximizing
the ease of repeatability among researchers. The metrics presented here were selected
on the basis of the known biology of primary bone formation and the remodeling of
bone to produce secondary structures (Amprino, 1948, 1963; Amprino and Marotti,
1964; Ardizzoni, 2001; Ascenczi and Bonucci, 1961, 1964, 1967, 1968, 1972; Ascenczi
et al., 1965, 2003, 2004; Aubin et al., 1993; Baltadchiev, 1994; Baron et al., 1993;
Borah et al., 2001; Boskey, 2003; Broadus, 2003; Bromage et al., 2003; Bumrerraj
and Katz, 2001; Burr et al., 1988; Carter and Spengler, 1978; Cohen and Harris,
1958; Cooper et al., 2003, 1966; Cuppone et al., 2004; Currey, 1960, 1964; Eckardt
and Hein, 2001; Enlow, 1962, 1966, 1977; Frasca et al., 1976; Frost, 1961, 1963, 1964,
1966; Georgia and Albu, 1988; Haines, 1942; Hara et al., 2002; Hert et al., 1994; Jacobs and Echstein, 1997; Jaworski et al., 1981; Johnson, 1964, 1966; Kamioka et al.,
2001; Kragstrup, 1985; Kragstrup and Melsen, 1983; Kuznetsov et al., 2004; Lanyon
and Bourn, 1979; Lian et al., 2003; Locke, 2004; Marotti and Zallone, 1980; Martin
and Burr, 1982; McElhaney, 1967; Metz et al., 2003; Mishof et al., 2003; Mishra and
Knothe Tate, 2003; Mohsin et al., 2002; Mulhern and Ubelaker, 2001, 2003; Mundy
et al., 2003; Nemeskeri and Harsanyi, 1968; Nyssen-Behets et al., 1997; Pfeiffer, 1998;
Pidaparti and Burr, 1992; Portigliatti-Barbos et al., 1983, 1984; Qiu et al., 2003; Robling and Stout, 1999, 2000; Rodan and Martin, 1981; Rouiller et al., 1952; Ruangwit,
1967; Sedlin and Frost, 1963; Skedros et al., 1997, 2001, 2003a,b, 2004; Tappen, 1977;
Teitelbaum, 2004; Thompson and Gunness-Hey, 1981; Tolar et al., 2004; Tomes and
De Morgan, 1853; Wachter et al., 2002; Whitson, 1972; Williams et al., 2004; Yeager
et al., 1975).
The measurements discussed herein were not optimized for and therefore may not
be congruent with evolutionary processes; the aim is not to describe evolutionary
pathways. Taxonomy and phylogeny, of course, are not synonymous (Cubo et al.,
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2005). Although there may be phylogenetic implications to this work, they are beyond
the scope of this research. The goal at this time is taxonomic identification.

3.3.1

Measurable Microstructural Units

Both primary and secondary microstructural features were considered for this investigation including (1) primary vasculature, (2) primary lacunae, (3) secondary osteons,
(4) secondary vasculature or Haversian canals, and (5) secondary lacunae (please refer
to the glossary in Appendix 1). Each complete measured microstructure was treated
as one measurable unit (analogous to one tooth or one vertebra if this work were
based on those elements). For example, one secondary osteon, defined as a unit of
bone enclosed within a continuous cement (reversal) line is equal to one measureable unit. The sub-central vascular canal (Haversian canal) within the border of the
secondary osteon is a separate measurable unit (1.3).

3.3.2

Elliptical Microstructural Features

In two-dimensional transverse cross-section, all the measured structures are nearly elliptical. The appearance typically deviates slightly from elliptical because of inherent
natural variation as well as because the shapes of the vascular canals and secondary
osteons are affected by branching or anastamosing that can occur along their lengths.
For this investigation, however, all the microstructures are considered as true ellipses.
Ellipses contain very few homologous points that can serve as morphometric landmarks. Similar challenges occur commonly in quantifying the shape of highly rounded
features of certain invertebrates, such as those involving the shapes of ostracod tests
(Elewa, 2003). Such shape measurement challenges in evolutionary studies have been
overcome by applying a series of elliptical Fourier Transform techniques Haines and
Crampton (2000) or by shape analysis using the Superformula (Gielis, 2003).
As discussed above, the current study is focused only on taxonomic identification
rather than evolutionary pathways. This focus allows the usage of analogous reference
points rather than evolutionarily homologous points, and thus justifies straightforward
measurements. The metrics used herein are defined and discussed below. Given
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that the microstructures addressed here are present in any cortical bone section, all
measurements are applicable regardless of taxon.

3.3.3

Microstructural Shape Considerations

Primary and Secondary Lacunae
Lacunae (Figure 3.3) are the spaces that bone-cells occupy after the cells are finished depositing bone. After recent research established that cell size correlates with
genome size in vertebrates (Gregory, 2001), Organ et al. (2007) used the information to establish the genome size of extinct vertebrates, mainly avian and non-avian
dinosaurs. Their findings showed that in non-avian dinosaurs there was a bimodal
distribution of lacunar size represented by the Ornithischia and the Theropoda. Only
one sauropod specimen was included in the analysis, and its lacunar size was intermediate between those of the aforementioned dinosaurian groups. Although it is not
stated specifically in the publication, by establishing the differences in genome size
using the volume of the lacunae, Organ et al. (2007) also linked the cell-size with the
type of tetrapod group.
Lacunae are measured in the present study in order to discriminate those located in
primary bone from those in secondary bone and to investigate possible correlation of
lacunar size with taxonomic identity when applied in a large population of samples.

Secondary Osteons
As discussed above, secondary osteons appear elliptical in transverse cross section.
The circumference of the secondary osteon follows the cement (reversal) line, the
outer border of the structure (Ascenczi et al., 2003, 2004; Cohen and Harris, 1958;
Diaz and Rajtova, 1975; Enlow, 1977; Frost, 1963; Mundy et al., 2003). The cement
line is a distinct physical boundary around the secondary osteon that is deposited
at the cessation of bone resorption and the commencement of bone deposition. The
recognition of the cement line makes measurement of the osteon unambiguous and
repeatable.
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Figure 3.3: Secondary lacunae (cyan) are those lacunae which are found inside the
reversal line (red) of secondary osteons. Primary lacunae (green) are found in the
primary bone. Scale =0.5mm.
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Serial sectioning of bone and, more recently, micro-tomographic imaging of bone have
demonstrated that secondary osteons are actually cylinders of circular cross-section.
In three dimensions, secondary osteons are a series of cylindrical tubes throughout
the length of the diaphysis, oriented at some angle relative to the longitudinal axis
of the bone (Cohen and Harris, 1958; Cooper et al., 2003; Hert et al., 1994; Stout
et al., 1999; Tappen, 1977) (Figure 3.4). Thus, the elliptical appearance of these
microstructures in a transverse cross section is a direct result of the orientation of
the structures with respect to the longitudinal axis of the diaphysis. For example, if
all osteons were parallel to the longitudinal axis of the diaphysis, the microstructures
would show as circles in transverse cross-sections cut perpendicular to that axis (as
done here). In most instances, however, this is not the case.

Primary and Secondary Vasculature
The shape of primary and secondary vasculature (Haversian canals) in two-dimensions
and three-dimensions is similar to the shape of secondary osteons. Bone vasculature
is also a series of cylindrical vessels that appear as ellipses in transverse cross-section
and that are oriented at some angle relative to the longitudinal axis of the diaphysis.

3.3.4

Metric Geometry

The measurements described below are the principal variables that were used to
evaluate (1) the morphology of primary and secondary bone microstructure in two
dimensions, (2) the transverse orientation of the major axes of primary and secondary
microstructures with respect to the periosteal surface, and (3) the longitudinal orientation of primary and secondary microstructures.
For each metric, analogous reference points are defined with respect to a Cartesian
coordinate system. The specified measurements are explained, justified, and described
to enable reproduction by others.
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Figure 3.4: A schematic representation of a long-bone shaft and corresponding
osteonal shaded cylinder (A) in the cortical bone that is oriented at some angle to
the longitudinal axis of the diaphysis. This angle can be calculated at the
intersection of the red and blue planes. The red plane represents the orientation of
the thin-sections cut for this study (perpendicular to the long axis of the diaphysis).
The blue plane is perpendicular to the long axis of the osteonal cylinder.
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Major and Minor Axes
All bone microstructures measured in this study are nearly elliptical, and therefore all
major and minor axes are determined in the same manner. To illustrate the concept,
a secondary osteon (large ellipse) and its corresponding Haversian canal (small ellipse)
are represented by nested ellipses (Figure 3.5).
The minor axis of the small ellipse is represented by line segment AB (Figure 3.5
A). In a two-dimensional Cartesian coordinate system, Point A can be defined as
the origin and Point B is located at some distance from A along the positive X-axis.
Points A and B are the terminal points of line segment AB, and correspond to
the intersection of the line representing the minimum distance across the ellipse with
the outer border of the small ellipse. The minimum diameter of the small ellipse, line
segment AB, is always perpendicular to the Y-axis in the Cartesian plane. Line
segment AB is the minor axis of the small ellipse.
The major axis of the small ellipse is represented by line segment CD (Figure 3.5 A),
oriented perpendicular to line segment AB. Points C and D are the terminal points
of line segment CD, and correspond to the intersection of the line representing the
maximum distance across the small ellipse with the outer border of the small ellipse,
perpendicular to line segment AB. Because the shape of the bone microstructures
may deviate from a perfect ellipse, the major axis of the small ellipse may not intersect
the midpoint of line segment AB. Line segment CD is the major axis of the small
ellipse.
Analogous measurements are made for the minor (line segment EF) and major
(line segment GH) axes of the large ellipse (Figure-MajMin B). The major and
minor axes of nested microstructures may be oriented slightly differently (Figure 3.5
C). Therefore, the minor and the major axes of nested ellipses must be measured
separately.

Microstructure Transverse Orientation
The transverse orientations of all units of primary vasculatures, secondary osteons,
and Haversian canals are calculated using the relationship between the major axis and
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Figure 3.5: A two-dimensional Cartesian coordinate system was used to define the
minor and major axes of elliptical cross-sections of microstructures. A schematic of
a Haversian canal (A) is represented with line segment AB as the minor axis and
line segment CD as the major axis. A secondary osteon (B) is represented with line
segment EF as the minor axis and line segment GH as the major axis. The major
and minor axes are always perpendicular to each other. However, in nested
microstuctures, such as the secondary osteon and Haversian canal shown here, the
major axes of the larger and smaller ellipses may not be parallel (C). To account for
this possibility, each microstructure is measured individually.
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the periosteal surface (Figure 3.6). The periosteal surface is the outermost surface of
bone and is the site of continuous bone deposition throughout life. When viewed in
transverse cross-section, the periosteal surface curves radially around the diaphysis.
Fortunately, at high magnification, the surface generally appears uncurved (Figure
3.6 A). Therefore, in this study, the periosteal surface was treated as a linear feature
to simplify angular measurements.
The transverse orientation angle is the angle between a line tangent to the periosteal
surface and the linear extrapolation of the major axis of the ellipse. On a Cartesian
coordinate system, the periosteal surface is represented by the X-axis (Figure 3.6 B)
and all microstructures are located in quadrants two and three. The measurements
of angle θP lie between 0◦ and 179◦ . Angular measurements of 0◦ occur when the
major axis of the ellipse is parallel to the tangent line. An angular measurement of
180◦ is not considered because it indicates the same orientation as 0◦ .

Microstructure Longitudinal Orientation
As discussed above, bone vasculature and secondary osteons are cylindrical tubes of
circular cross-section oriented at some angle with the bone shaft. Because most of
these microstructures appear in transverse cross-section as ellipses rather than circles,
the tilt angle of the cylinder with respect to the longitudinal axis of the bone can
be calculated using the major axis of the ellipse. In many of the previous studies
that have measured the size of secondary osteons, those that are not circular (or
close to it) were dismissed from the dataset as being non-informative as to the “true”
nature of osteon morphology (Jowsey, 1966). However, non-circular microstructures
are recognized as important in the present study, because they are indicative of their
three-dimensional orientation within the bone shaft. Longitudinal orientation of the
primary vasculatures, secondary osteons, and Haversian canals are calculated here
as an acknowledgment that there may be a taxon-specific signal resulting from phylogeny, mechanical stresses on the skeleton, or both (Martin and Burr, 1989).
A three-dimensional Cartesian coordinate system 3.7 is used to illustrate the longitudinal relationship of the structures within the diaphysis. The placement of the ellipse
with respect to the X- and Y-axes is the same as used for finding the major and minor
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Figure 3.6: Highly magnified, the periosteal surface of a long bone or rib appears
uncurved (A, red arrow). The transverse orientation angle, ΘP , of the secondary
osteon shown here as an example is determined as the angle between a line tangent
to the periosteal surface and the extension of the major axis (GH) of the
microstructure (B). Lemur tibia. Scale = 0.2mm
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axes of the ellipses. On the two-dimensional Cartesian coordinate plane, the major
axis (GH) of the secondary osteon, used here as an example 3.7(A), is oriented identically to the example in Figure-MajMin B. In Figure 3.7 (B), the longitudinal axis
of the diaphysis is represented by the Z-axis. The longitudinal axis of the secondary
osteon will be at some angle, θL , relative to the Z-axis. The angle is defined between
the values of 0◦ (parallel to the Z-axis) and 0◦ (perpendicular to the Z-axis) 3.7(B).
As shown on Figure 3.8 A, the angle, θL , also can be measured between the perpendicular to the longitudinal axis of the diaphysis (red) and the perpendicular to the
longitudinal axis of the primary vasculature, secondary osteon, or Haversian canal
(blue). Likewise, that angle can be calculated based on the degree of ellipticity
revealed by a cross-section oriented perpendicular to the longitudinal axis of the diaphysis, as in Equation 3.1. In practice, the angle is calculated using a derivation of
the Pythagorean Theorem (Appendix C).

r

r2
−1
1− 2
ΘL = sin
R

(3.1)

where
r = 12 -length of the minor axis
R = 21 -length of the major axis
Θ = calculated angle
Theoretically, the length of the minor axis is the “true” diameter of the cylindrical
canal of the microstructural feature, illustrated in Figure 3.8, comparing B and C.
Therefore, the higher the ratio of R: r, the greater the angular displacement of the
longitudinal axis of the microstructure canal from the longitudinal axis of the diaphysis. It should be noted here that the angle θL does not indicate the directionality
of angular tilt. For example, if a secondary osteon has a major axis that is oriented
anteroposteriorly at an angle, θL , of 0◦ , it is not known whether the osteonal cylinder
tilts toward the anterior or posterior of the bone. Currently, the determination of
this additional directionality is beyond the scope of this dissertation.
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Figure 3.7: The major axis of a secondary osteon, line segment GH, represented in a
two dimensional Cartesian coordinate system (A) can be translated/projected into a
three-dimensional coordinate system by adding the Z-axis (B). The relative length
of the major axis of the secondary osteon ellipse is indicative of the angle ΘL
between the Z-axis (i.e. longitudinal axis of the diaphysis) and the longitudinal axis
of the osteon. Line segment G’H’ represents the translation/projection of line
segment GH in three-dimensional space.
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Figure 3.8: Angle ΘL represents the orientation of the vaculature or secondary
osteon (SO) in relation to the longitudinal axis of the diaphysis (A). The red bar
represents the plane of the thin-section cuts made in this study and the blue bar
represents the plane that is perpendicular to the long axis of the secondary osteon
cylindar (SO). A cross-section parallel to the blue plane (B) shows the secondary
osteon to have a hypothetically circular shape with radius r. A cross-section parallel
to the red plane (i.e. actual orienation of the thin-section) shows an elliptical shape
of the same osteon, with minor axis radius, r (C). The radius of the minor axis
remains constant in all cross-sections (of varying ΘL ) under consideration. The
deviation of the half-length of the major axis from r is indicative of the angle of the
secondary osteon with respect to the diaphysis.
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Lacunar Area
Lacunae are known to be close to three-dimensional ellipsoids in shape. In order to
characterize the shape of these features, one measures the major and minor axes of
ellipses defined in transverse cross-section. Two types are lacunae are distinguished in
this dissertation, primary and secondary, which are categorized based on where they
occur in the thin-section. Secondary lacunae are those that lie within the cement line
of a measured secondary osteon. Primary lacunae are those found in any part of the
primary bone of the cross-section (Figure 3.3).
The true maximum major and minor axes of the ellipsoidal lacunae are not always
parallel to the transverse cut of the thin section. To increase the probability of measuring (almost) true major and minor axial lengths, the largest lacunae are measured
for the dataset. Ten lacunae of each type (primary and secondary) are measured per
micrograph. Unfortunately, the absence of measurements in the ellipsoid’s third dimension prevents the estimation of lacunar volume. Instead, shape area is calculated
using the formula for the area of an ellipse, as in Equation 3.2.

AL = π · r · R

(3.2)

where
r = 12 -length of the minor axis
R = 21 -length of the major axis
AL = calculated area of ellipse

Metrics and Abbreviations
The following is a list of metrics considered in this dissertation, with appropriate abbreviations: (1) Minor Axis of the Primary Vasculature (MinPV), (2) Minor Axis of
the Primary Lacuna (MinPL), (3) Minor Axis of the Secondary Lacuna (MinSL), (4)
Minor Axis of the Haversian Canal (MinHC), (5) Minor Axis of the Secondary Osteon
(MinSO), (6) Major Axis of the Primary Vasculature (MajPV), (7) Major Axis of the
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Primary Lacuna (MajPL), (8) Major Axis of the Secondary Lacuna (MajSL), (9) Major Axis of the Haversian Canal (MajHC), (10) Major Axis of the Secondary Osteon
(MajSO), (11) Angle of the Primary Vasculature Orientation relative to the Periosteal
surface (PVPeri), (12) Angle of the Haversian Canal Orientation relative to the Periosteal surface (HCPeri), (13) Angle of the Secondary Osteon Orientation relative to
the Periosteal surface (SOPeri), (14) Angle of Primary Vasculature Orientation with
respect to the Longitudinal axis of the diaphysis (PVLong), (15) Angle of Haversian
Canal Orientation with respect to the Longitudinal axis of the diaphysis (HCLong),
(16) Angle of Secondary Osteon Orientation with respect to the Longitudinal axis of
the diaphysis (SOLong), (17) Primary Vasculature cross-sectional Area (PVA), (18)
Primary Lacuna cross-sectional Area (PLA), (19) Secondary Lacuna cross-sectional
Area (SLA), (20) Haversian Canal cross-sectional Area (HCA), (21) Secondary Osteon cross-sectional Area (SOA), (22) Primary Vasculature Circumference (PVC),
(23) Primary Lacuna Circumference (PLC), (24) Secondary Lacuna Circumference
(SLC), (25) Haversian Canal Circumference (HCC), (26) Secondary Osteon Circumference (SOC), (27) Bounding Ellipse Area for Primary Vasculature (PVAEllipse),
(28) Bounding Ellipse Area for Primary Lacuna (PLAEllipse), (29) Bounding Ellipse
Area for Secondary Lacuna (SLAEllipse), (30) Bounding Ellipse Area for Haversian
Canal (HCAEllipse), and (31) Bounding Ellipse Area for Secondary Osteon (SOAEllipse). The bounding ellipse refers to the best-fit ellipse calculated for that feature.

3.4

Analysis of Microstructure

Preliminary tests of this method were achieved by manually measuring a reduced
number of metrics by hand on digital micrographs of cortical bone from a domestic
dog, domestic horse, and domestic pig. The open-access software, ImageJ (Rasband,
1997-2008), provided a convenient format for loading digital images, adjusting for
the scale of the micrograph, and exporting the measurements into a spreadsheet that
would be used in later statistical analyses. Because this is such a time-consuming and
arduous process, it quickly became clear that large datasets, such that those presented
in this dissertation, would require a more efficient method of micrograph analysis. The
application of a semi-automatic method of measurement not only increased the speed
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of microstructure measurement, but also the accuracy of measurements compared to
that of “by-hand” measurements. The details of the process are described below.

3.4.1

The Welsh Algorithm

The Welsh Algorithm was created in collaboration with Dr. Eric Welsh for specific
application to this study. Its purpose is automatic counting of metrics from all digitally marked microstructures. The algorithm was created based on consideration of
the shapes of interest in transverse sections of bone and the assumptions outlined
above.

Microstructure Marking Procedure
pplication of the Welsh computer program requires that each microstructural type of
interest on the digital images be outlined with a different color. All shapes outlined
in a specific color are measured and tabulated, and their group statistics calculated.
The user specifies which colors to use for tracing shape boundaries. I chose colors
using the RGB color model and designated colors as follows: (1) Primary vasculature,
magenta, RGB #FF00FF, (2) Primary lacunae, green, RGB #00FF00, (3) Secondary
osteon, red, RGB #0000FF, (4) Secondary vasculature, blue, RGB #0000FF, and (5)
Secondary lacunae, cyan, RGB #00FFFF.
I digitally marked by hand each microstructure with the corresponding color using
Adobe Photoshop CS3 (Figure 3.9(A)). The pen tool, in combination with a stylus
pad input device, allowed for the most efficient manual marking and ensured a closed
outline. All color strokes were 1 pixel wide.

Algorithm Mechanics
The algorithm assigns to each microstructural unit a best-fit ellipse from which the
lengths of its minimum and maximum axes are determined. Best-fit ellipses are
specified as those that yield the same first two principal moments of inertia as the
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original microstructural shape. Ellipse circumference is calculated using the Reduced
Ahmadi 2006 approximation (http://dx.doi.org/10.3247/SL2Math07.001), because it
offers the optimal blend of accuracy and computational efficiency. Major and minor
axes are derived directly from the best-fit ellipse. The borders of shape-bounding
boxes are defined by the minimum bounding rectangle parallel to the principal axes
of the shape.
Concentric shapes can be accommodated, provided that the concentric borders are
spatially separated and distinguished by a different color (e.g., the Haversian canal
is within the border of the secondary osteon). Areas of shapes are calculated as the
sum of the pixels within and including the shape-border pixels. The circumference of
the actual marked border is calculated by temporarily expanding the shape borders
by one pixel both horizontally and vertically, then summing the number of horizontal
and vertical moves required to traverse the expanded border. Diagonal moves are
weighted by an additional factor of approximately 1.168 pixels, assuming an average
diagonal move of 20◦ .

Output
In addition to the metrics listed above, the algorithm output also computes statistical
moments of the counted features, including standard deviation, skewness, kurtosis,
and coefficients of variation for each microstructure type. Metrics of individual microstructural units may be visually verified against the specific output image for
accuracy (Figure 3.9). As illustrated in Figure 3.9(B), the digitally hand-marked
micrograph is overprinted by the algorithm to show all microstructures shaded with
their respective colors. For each shape, the defining endpoints used to calculate the
lengths of major and minor axes are displayed, as is the centroid (Figure 3.9(C)). By
comparing output from the Welsh program with the manually marked input, it was
possible to verify that every feature was appropriately counted and tabulated.
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Figure 3.9: The marking and calculation of metrics from the digital micrographs
begin with (A), digitally marking by hand the microstructures in colors
corresponding to the feature type. Application of the Welsh algorithm overprints
the features (B), allowing for indivual checking of the micrographs to ensure that
the correct measurements are being made. The yellow, dotted rectangle in (B)
defines an area magnified in (C). The endpoints of the axes of the elliptical shapes
are represented by the minute yellow crosses, and the centroids are represented by
the cyan dots. Portion of a Felis rufus left tibia. Scale bar for (A) and (B) equals
2.5mm.
70

3.4.2

Statistical Analysis

Statistical analysis of the data was achieved using the statistical analysis package
Evince (Umbio, 2009) and PASW Statistics by SPSS. The statistical technique of
Principal Component Analysis (PCA) was used to explain, in a mathematically optimal way, variance amongst the samples. Details of the statistical treatment of each
dataset are discussed in more detail in subsequent chapters.
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Chapter 4
Extant Mammals as Taxonomic
Test Subjects

4.1

Introduction

There are two goals of this dissertation: (1) to explore the variation in bone microstructure within and between species according to the methodology described in
Chapter 3 and (2) to make the first test of the hypothesis that tetrapods can be taxonomically distinguished by their cortical bone microstructure. The longer-term goal
is to apply this methodology to the bones of extinct tetrapods. The initial tests of the
hypothesis and methodology presented in Chapter 3, however, were done on extant
mammals, because (1) the rarity of fossil vertebrate specimens typically precludes any
destructive extraction techniques, (2) extant mammals are not of questionable taxonomic validity, unlike fossil specimens, (3) mammals exhibit a diversity in locomotive
mechanics, dietary habits, and niche partitioning whose effects must be explored, and
(4) the bone microstructure of extant mammalians is very similar to the types and
arrangements of microstructural features in extinct mammals, Aves, dinosaurs, and
mammal-like reptiles (Enlow and Brown, 1958; Ricqles, 1980, 1990).
This chapter describes the mammals whose bone microstructures were measured and
analyzed to test the hypothesis of their taxonomic relevance. Presented first is a review of mammalian osteology and bone histology to provide context for more detailed
descriptions of the mammalian specimens analyzed in the test datasets. Because the
preparation of the specimens for this study is a destructive process, detailed descriptions of each bone’s gross morphology before thin-sectioning provide a record of the
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material for future reference. The gross morphological descriptions are then paired
with a representative histological image from each specimen to complete the mammalian overview in preparation for dataset analysis in the chapters that follow.
ABBREVIATIONS- calcaneus, cl; carpus, ca; caudal vertebrae, cv; cervical vertebrae, cerv; distal articular end, D; dorsal vertebrae, dv; endosteal bone, Eb; endosteal surface, E; femur, fe; humerus, hu; innominate, in; lumbar vertebrae, lv;
metacarpal, mc; metatarsal, mt; optically discernable interface, odi; patella, pa; periosteal bone, Pb; periosteal surface, P; phalanges, ph; primary bone, Pr; proximal
articular end, Px; ribs, r; sacrum, sa; scapula, sc; secondary bone, S; skull, sk; tibia,
ti; inter-trabecular space, Tr; ulna, ul.

4.2

Mammalian Skeletal Gross Morphology

During development of the mammalian skeleton, bone is differentiated into two types,
intramembranous and endochondral, based on the process by which each becomes an
ossified material within the skeleton (Baron, 2003; Steele and Bramblett, 1988). Bones
of both types of formation are analyzed in this dissertation. Both types of bone also
undergo internal remodeling throughout life. Intramembranous bone includes skeletal
structures that make up the pectoral girdle, ribs, and all of the bones in the skull.
Colloquially known as “flat” bones, they are composed of two cortical plates separated
by a thin trabecular layer. There is no medullary cavity. During development of
flat bones, the material differentiates from the mesenchyme, forming a thick cellular
substance that, unlike endochondral bone formation (see below), ossifies immediately
with no intermediate cartilage form.
Endochondral bone also begins with differentiation of mesenchymal cells, but unlike
intramembranous bone, it forms a cartilage precursor that will eventually ossify and
form the diaphysis. The cartilage precursor, because it is the first area to develop,
is referred to as the primary ossification center (Baron, 2003). Synchronous with the
formation of this cartilage model is a ring of ossified woven bone in the midshaft
area. When the ossification of the woven bone finishes, blood vessels, originating
from the ossified ring, penetrate the cartilage. Mineral and collagen replacement
of the remaining cartilage commences with this vascular invasion into the otherwise
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avascular cartilage model. These first vessels that penetrate the cartilage are responsible for bringing the blood supply that will nourish hematopoietic bone marrow in
the medullary cavity, located in the center of the diaphysis. Once the diaphysis is
ossified, lateral bone growth continues throughout life along the diaphysis by very
slow deposition of bone matrix on the periosteal surface. Resorption of bone material
occurs at the border of the medullary cavity, the endosteal surface.
Of interest to this investigation are the endochondral bones of the appendicular skeleton. In mammals, as well as across the whole of the Vertebrata, the long bones that
make up the fore- and hind-limbs are fairly conservative in morphological arrangement. The forelimb consists of the humerus, most proximal to the body, and the
radius and ulna in the distal part of the limb. The hindlimb consists of the femur,
most proximal to the body, and the tibia and fibula distally. Surveying the Mammalia,
there are several instances of specialization within both the fore- and hind-limbs that
result in reduction or loss of one of the distal elements of the limb, the most prevalent
being the reduction or loss of the fibula. The proximal elements of the fore- and
hind-limb, the humerus and femur, respectively, are always present.
In mammals, all long bones have a conservative general morphology. Long bones
consist of three main parts: the diaphysis, the epiphysis, and a transitory section
called the metaphysis (Haines, 1942). The diaphysis, or midshaft, is the primary
center of ossification during development, is generally cylindrical, and makes up the
majority of the bone material in the long bone. The diaphysis is often featureless
with the exception of muscle scarring that may be present closer to the proximal and
distal ends. The epiphyses, the secondary centers of ossification, cap the diaphysis
at the proximal and distal ends. The epiphyses are the more flaring articular ends
that allow for smooth and specialized connection with the bone or bones proximal
and distal to them. The diaphysis and epiphysis are connected by a transitional,
cartilagenous zone, the metaphysis. Epiphyseal cartilage, also referred to as growth
plates, is located within the metaphysis and allows for longitudinal growth of the long
bone. The metaphysis, along with the epiphyseal cartilage, eventually disappears as a
result of ossification during ontogeny as longitudinal growth of the bone is completed
(Baron, 2003).
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4.3

Mammalian Osteohistology

This section provides a general introduction to and description of mammalian osteohistology; the specific microstructural arrangment for each taxon will be addressed
later in this chapter. Most of the previous studies and characterizations of non-human,
mammalian bone microstructure have been directed at domestic animals (Enlow and
Brown, 1956, 1957, 1958; Georgia and Albu, 1988; Harsanyi, 1990; Jowsey, 1968; Mori
et al., 1999, 2003). Although domestic mammals are not used in this study, they provide an excellent base knowledge of osteohistologic structures and a model against
which comparisons can be made with microstructural arrangements found in the wild
mammalian counterparts described later in this chapter. There is not a large body of
literature on the comparative bone histology of extant mammals. What is generalized
about the microstructure of the whole group is often inferred from domestic members
of the Artiodactyla and Perisodactyla.
Laminar bone, in general, makes up the primary structure of all compact bone in
the Mammalia (Locke, 2004). Resembling the rings of a tree (Figure 4.1), the laminae (often referred to erroneously as “lamellae”) are arranged circumferentially and
separate endothelium-lined vascular compartments Locke (2004). Each lamina is a
composite of several, smaller circumferential lamellae. This bone type is vascularized
first by primary osteons and then remodeled continuously throughout life, forming a
varying number of secondary osteons (Amprino, 1948, 1963; Amprino and Marotti,
1964; Ascenczi and Bonucci, 1964, 1967, 1968, 1972; Ascenczi et al., 2004; Carter
and Spengler, 1978; Cooper et al., 2003, 1966; Currey, 1964; Enlow, 1962, 1966, 1977;
Frost, 1963, 1964; Havill, 2004; Hert et al., 1994; Johnson, 1966; Locke, 2004; Mundy
et al., 2003). Throughout the life of the animal, primary laminar bone is often increasingly obscured by secondary bone (Enlow and Brown, 1957; Locke, 2004). The
laminar bone histology of cattle has been described as having a “general, characteristic” mammalian appearance (Currey, 1962).
The bone histology of the Artiodactyla and Perrisodactyla is the most well known in
the Mammalia because of the availability of domestic animals in these groups. Most
histological analysis pertaining to the Artiodactyla has been accomplished using cattle. In many cases, the bone microstructure of extant artiodactyls is highly convergent
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Figure 4.1: A schematic of cortical bone histology, with the four major types of
bone seaparated by lines of arrested growth. Note that the separation of bone types
and the variety of bone types in one sample are typically not seen all together in
one cortical cross-section. The figure is for illustrative purposes only. Modified from
Boef and Larsson, 2007, p.64
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with that of dinosaurs, showing a plexiform arrangement (Currey, 1962). The histological structure of the long bones of artiodactyls follows a generalized pattern (Enlow
and Brown, 1958) of a well-organized laminar tissue (Locke, 2004) (Figure 4.1). Laminar bone is typified by the orderly appearance of vascular canals (Enlow and Brown,
1956). The predicable vascular canal arrangement in cortical bone differentiates artiodactyls from other mammalian Orders. The epiphysis of the long bones usually
appears less organized than the cortex of the diaphysis. The cortex in the epiphysis
is classified as reticular with extensive secondary osteonal remodeling (Enlow and
Brown, 1958). Remodeling usually begins in the endosteal region. Complete primary
bone replacement by secondary osteons has been observed even in young bone (Enlow
and Brown, 1958).
The domestic Equus typically represents the Perissodactyla in the literature. Qualitatively, the cortical bone in perissodactylan specimens does not show the regularity in
the vascularization throughout the skeleton that is evident in the cortical bone of Artiodactyla. In Equus vascular arrangement differs depending on the skeletal element
and the location within a particular bone, such as the microstructural arrangement
in the diaphysis compared with that of the epiphysis of a long bone. Generally, the
epiphyses of Equus long bones show an irregular reticular organization of the primary
bone, characterized by randomly branching vasculature. The diaphyseal vasculature
is more organized, referred to qualitatively as plexiform bone. Remodeling of the
primary bone is most prevalent in the endosteal region, and complete primary bone
replacement by secondary osteons has been observed even in the cortical bone of very
young Equus specimens (Enlow and Brown, 1958).
In addition to articles on the Artiodactyla and Perissodactyla, there is also a small
amount literature pertaining to the cortical structure of the Carnivora (Diaz and
Rajtova, 1975). Enlow and Brown (1958) provided a informative overview of carnivorian bone microstructure, addressing the characteristics of at least one specimen of
each major extant carnivore as well as of several extinct taxa. Carnivora included in
the survey were the Paleocene Dissacus and Didymictis, Eocene Oxyaena, Oligocene
Dinictis and Mustelavus, modern Ursus, Felis, Mehitis, Procyon, Mustela, Canis, and
Taxidea, among others. The primary structure of the cortex of bones of the Carnivora is generally reticular lamellar (described as laminar by Locke, 2004) (Enlow
and Brown, 1958). Exceptions to this are the bones of Ursus and Canis, showing a
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“plexiform” outer cortex similar to the primary microstuctural arrangement in the
Artiodactyla. As age of the carnivore increases, there is extensive secondary remodeling in the mid-cortex of the diaphyses. Unlike the secondary bone of the Artiodactyla
and Perissodactyla, the remodeled carnivorian cortex is confined to a zone sandwiched
between periosteal and endosteal regions of primary laminar organization. The endosteal laminar region is usually thicker than the periosteal region. Secondary bone is
less prevalent in the epiphyseal regions of long bones of carnivores compared to those
of ungulates and, throughout the life of the carnivore, it is likely that the primary
bone structure will remain clearly visible (Enlow and Brown, 1958).

4.4

Mammalian Specimens: Primary Dataset

The Primary Dataset referred to herein is the dataset consisting of 11 representative
specimens from five mammalian orders, Carnivora, Rodentia, Didelphimorphia, Lagomorpha, and Primates, which were used for this first test of the hypothesis (Figure
4.2). Results of the test are presented in Chapter 5 of this dissertation. Obtaining
specimens to include in the Primary Dataset was very challenging. Even though the
taxa desired are all extant, the tibiae were difficult to obtain from museum collections: not only were they going to be subjected to destructive analytical techniques,
but the purpose for destruction was to explore an untested methodology. The tibiae
analyzed were graciously provided on loan from either the North Carolina Museum of
Natural Science (NCSM) or the Museum of Comparative Zoology, Harvard (MCZ).
The result of those granted requests, however, was a compilation of mammals that
satisfied the goal of breadth in dataset construction, but that was optimized for little
else (i.e. geography, more specific phylogenetic comparisions, etc). All mammals in
the Primary Dataset are terrestrial and exert regular, load-bearing pressure on their
skeleton. Flying or primarily aqueous mammals (Orders Cetacea, Chiroptera, Sirenia, and Dermoptera) were not included in the Primary Dataset, because bone stress
is quite different in those media. There are also no domestic animals in the Primary
Dataset (Padian et al., 2004).
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Figure 4.2: Summary showing all taxa included in the Primary Dataset and
corresponding tibial measurements. All measurements are in millimeters.
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4.4.1

The Tibia

All bone samples were extracted from the mid-diaphysis of the left tibia in a transverse
plane perpendicular to the long-axis of the diaphysis. Through two parallel saw cuts,
a one-centimeter-bone plug was removed from each specimen prior to beginning the
thin-section procedure. The same specific bone from each skeleton was analyzed in
order to evaluate and refine the methodology. Clearly, if the hypothesis failed at this
level of sample comparison, then it could not succeed in the presence of complications
from intra-element and intra-skeletal variation.
The tibia is the large, medial bone of the distal hindlimb in tetrapods, which transmits weight between the femur (proximally) and the bones that make up the pes
(for plantigrade locomotors) or what ancestrally used to be the pes (for digitigrade
locomotors). The metatarsals in artiodactyls and perissodactyls, for example, have
been elongated and raised to create a functional, third hinge in the hindlimbs, which,
to a “normal” observer, now seems like part of the leg rather than the pes (Figure
4.3). The fibula, if present, articulates laterally with the tibia. Relative to other long
bones, the articular ends of the tibia are slightly expanded compared with the diaphysis. There are two condyles on the proximal articular surface that, in life, contact
the complementary structures on the distal end of the femur. The morphology and
size of the medial and lateral tibial condyles vary within the Mammalia (see descriptions below). The shape of the distal articular end varies greatly due to evolutionary
changes in the structure of the mammalian angle. In most cases, however, the medial
malleolus remains as a prominent feature.
The patellar tendon inserts just below the articular surface on the tibial tuberosity, a
protrusion of bone on the proximal end of the anterior tibial margin. The other two
margins of the tibia, the medial and interosseus, combine to create a tibial shaft with
an overall triangular cross-section. Longitudinally, the shaft ranges from straight to
s-shaped. If the fibula is present, corresponding articular facets are located on the
proximal and distal ends of the interosseus margin.
The tibia was selected here because of its availability for destructive research. Only
the left tibia was used for the Primary Dataset because corresponding sections of
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Figure 4.3: The skeletal anatomy of Odocoileus virginianus (white-tailed deer).
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contralateral bones have been shown to have nearly the same microstructural arrangement (Amprino and Marotti, 1964; Currey, 1964). This observation suggests
that bone remodeling processes act symmetrically and that the morphology of the
secondary osteons and other microstructures will also be complementary.

4.4.2

Order Carnivora

Canis latrans
Family: Canidae
Common name: Coyote
Accession number: NCSM not cataloged/EC

Description of the left tibia (Figure 4.4 A): The specimen is slightly more gracile (i.e.
less robust) relative to the other specimens in the dataset. The total length of the tibia
is 159.56 mm, and the diaphyseal length is 136.37 mm measured along the anterior
margin. This specimen comes from a mature animal, as the epiphyses are fully ossified
to the diaphysis and the sutural lines are no longer visible. The proximal articular
end is very slightly wider anterioposteriorly (28.78 mm) than it is mediolaterally
(28.48 mm). The lateral condyle is only slightly larger than the medial condyle.
Both condyles are ovate with the long axes of the ovals directed anteriomedially.
The intercondylar area is relatively well-defined. The lateral intercondylar tubercle
is a raised bump with a rounded apex. It is intersected by the medial intercondylar
tubercle, which takes the form of a raised crest along which the long axis is directed
almost mediolaterally. When viewed anteriorly, the distal half of the diaphysis is fairly
straight with a very slight lateral convexity. The inflection point of the convexity
occurs approximately at the mid-point of the diaphysis where the convexity is now
medial. When viewed medially or laterally, the shaft is straight with a slight flaring
in the proximal of the diaphysis. The tibial tuberosity is a prominent feature that
follows the convexity of the proximal of the shaft. Just as in many other specimens
in this dataset, the tuberosity grades into the distal shaft making an accurate length
measurement impossible. The proximal of the tuberosity is roughened indicating
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a site of muscle attachment. The medial and interosseous margins are fairly welldefined, and the popliteal line is represented by a bifurcated, raised, and roughened
crest of bone angled slightly medially across the posterior face. There is only a slight
fossa on the posterior face. Articular facets for the fibula are located on the proximal
articular end very close to the interosseous margin and distally, the facet is elongated
along the interosseous margin and terminates at the distal articular end. The distal
articulate end is wider mediolaterally (18.95 mm) than it is anterioposteriorly (16.63
mm). The medial malleolus is U-shaped and is flanked on the posterior side by a
slight malleolar groove.
Microstructural arrangement of the left tibia: The center of the cortical bone shows a
continuous width of secondary bone that is bounded by equal widths of primary bone
on both the periosteal and endosteal surfaces (Figure 4.4 B, C). The secondary bone
occupies the middle one millimeter of the cortex and is circumferentially continuous
around the diaphysis. Secondary osteons in this area overlap one another, indicating
that there have been at least two episodes of remoding. Primary vasculature is rare,
but when present, is sub-circular in cross-section, an indication that the vasculature
is approximately parallel to the long axis of the diaphysis.

Felis rufus
Family: Felidae
Common name: Bobcat
Accession number: NCSM not cataloged/EC

Description of the left tibia (Figure4.5 A). The bone is slightly robust relative to
the other mammal tibiae in this sampling. The total length of the bone is 155
mm, with a diaphyseal length of 133.67 mm measured along the anterior margin.
Closed sutural lines between both the proximal and distal epiphyses and the diaphysis
indicate that this specimen is from a mature animal. The proximal and distal articular
ends are very slightly offset from vertical alignment as the medial malleolus protrudes
more medially than does the medial condyle of the proximal articular surface. The
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Figure 4.4: Canis latrans (Coyote) tibia (A) with a corresponding micrograph
showing representative microstructural arrangement (B) and schematic (C). A
continuous layer of secondary bone is bounded on both sides by primary bone along
the periosteal and endosteal surfaces. Scale for (A) = 2cm. Scale for (B,C) =
0.5mm.
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distal half of the shaft is straight. The shaft begins to curve slightly at the midpoint of the diaphysis. When viewed anteriorly, the curve of the proximal part of
the shaft is convex medially. When viewed laterally, the shaft is convex anteriorly.
The distal end is twisted slightly clockwise relative to the proximal end about the
long axis of the diaphysis. The tibial tuberosity follows both the convexity and
twisting of the shaft and blends with the diaphysis. The proximal articular end is
wider mediolaterally (31.32 mm) than it is anterioposteriorly (25.79 mm) and the
lateral condyle is slightly larger than the medial condyle. The lateral condyle is subcircular with a slightly longer axis oriented anteriomedially. The medial condyle is
oval with its long axis oriented directly anterior. A clearly delimited intercondylar
sulcus separates the condyles. Intercondylar tubercles define the medial and lateral
border of the intercondylar sulcus and take the form of distinct crests of bone oriented
anterioposteriorly.
The medial and interosseous margins of the tibia are marked by a distinctly raised
and sharp crest of bone representing muscle attachments. The sharpest and most
proximally placed muscle attachment is referable to the popliteal line. There are no
fossae between muscle attachments, and all of the latter generally follow the convexity of the bone. Approximately at the mid-point of the tibial tuberosity is a robust,
roughened area that also appears to be a site of muscle attachment. Articular facets
for the fibula are found on the proximal and distal articular ends very close to the
interosseous margin. In life, the fibula would have run parallel to the interosseous
margin. The distal articular end is wider mediolaterally (20.59mm) than it is anteroposteriorly (17.08mm). The medial malleolus is relatively robust, the morphology of
which follows a wide U-shape when viewed medially. The malleolar groove is very
prominent and well-defined.
Microstructural arrangement of the left tibia: The center of the cortical bone shows
secondary bone of varying width that is bounded by approximately 1.5 millimeters of
primary bone on the periosteal surface and approximately 0.25 millimeters of primary
bone on the endosteal surface (Figure 4.5 B, C). The secondary bone, with widths
varying from 0.5 to 1.5 millimeters, occupies the middle of the cortex, and is circumferentially continuous a-ound the diaphysis. Secondary osteons in this area do not
overlap one another to a great degree, indicating that remodeling has been limited
in this bone during the animal’s life. Primary vasculature is rare, but when present,
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shows a bimodal distribution among sub-circular canals and longitudinal canals. The
split indicates that the most likely orientation for the primary vasculature is either
parallel or perpendicular to the longitudinal axis of the diaphysis.

Procyon lotor
Family: Procyonidae
Common name: Raccoon
Accession number: NCSM 2674

The left tibia of P. lotor is suspected to come from a more mature animal than
others in the Primary Dataset. No remnants of a suture line are visible between the
distal epiphysis and the diaphysis (Figure 4.6 A). Although the bone is fully ossified,
the suture line is slightly visible where the proximal epiphysis articulates with the
diaphysis. The total length of the tibia is 116mm, with a diaphysis of approximately
100mm measured along the anterior-most edge of the anterior margin of the bone.
The lateral side of the bone is slightly concave as is the posterior edge. The medial side
is slightly convex. Most of the “bend” in the tibia is located in the proximal end of the
bone above the mid-diaphysis. Below the mid-diaphysis, the shaft straightens from all
angles. The proximal articular end is greatly expanded relative to the distal articular
end. The proximal end is slightly wider mediolaterally than it is anteroposteriorly.
The medial and lateral condyles are approximately equal in size: the medial condyle is
slightly longer anteroposteriorly than the lateral condyle, whereas the lateral condyle
is wider mediolaterally than the medial condyle. Both condyles have a slightly concave
bowl shape. There is a pronounced medial intercondylar tubercle on the lateral side of
the medial condyle. There is a raised area on the medial side of the lateral condyle that
represents the lateral intercondyler tubercle, but it is smooth and not as pronounced
as the medial intercondyler tubercle. Along the anterior margin is the tibial tuberosity
with a length of 28.59mm along the diaphysis. This prominent structure ends before
the mid-point of the diaphysis, and is angled towards the medial side of the shaft.
Just medial to the tibial tuberosity is a prominent muscle attachment site 18.06mm in
length. The medial margin is marked by a thin, elongate crest palpable on the distal
end of the diaphysis that becomes more rounded proximally. Posterior to the medial
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Figure 4.5: Felis rufus (Bobcat) tibia (A) with a corresponding micrograph showing
representative microstructural arrangement (B) and schematic (C). Secondary bone
of varying width occurs in the endosteal region of the cortex, bounded by a wide
layer of primary bone on the periosteal surface and a thin layer along the endosteal
surface. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm.
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margin is a distinct soleal line on the proximal end of the shaft. It is approximately
21.39mm in length and it angled with the distal-most end pointing slightly medially.
There is a small, elongate fossa that separates the soleal line from the interosseous
margin. The interosseous margin is marked by a thin, distinct ridge that originates
underneath the lateral condyle and spirals anteriorly to terminate at the fibular notch.
On the distal articular end the medial malleolus is wide and U-shaped when viewed
from the medial side of the bone. The malleolar groove is bordered dorsally and
ventrally by distinct ridges of bone that do not extend onto the shaft. The middle of
the groove shows a small, smooth, raised ridge that follows the attitude of the two
larger ridges on each side of the groove. The groove for the flexor hallucis longus is
relatively large and flat. The distal articular end is wider mediolaterally (13.54mm)
than it is anteroposteriorly (10.44mm).
Microstructural arrangement of the left tibia: The width of the cortex shows distinct,
alternating areas of primary and secondary bone formation, beginning and ending
with primary bone along the periosteal and endosteal surfaces, respectively. Maximum width of secondary bone formation is 0.5 millimeters (Figure 4.6 B, C), and the
layers of primary and secondary bone continue circumferentially around the diaphysis. Secondary osteons do not overlap one another to a great degree, indicating that
remodeling has been limited in this bone during the animal’s life. Primary vasculature is of medium abundance compared to that of the other carnivores in this study.
When present, it shows highly elliptical shape in cross-section. This indicates that the
orientation for the primary vasculature is at some angle relative to the longitudinal
axis of the diaphysis.

Ursus americanus
Family: Ursidae
Common name: Black bear
Accession number: NCSM 5363

Description of the left tibia: This is the most robust bone relative to its length of
all of the specimens in the dataset (Figure 4.7 A). The proximal and distal epiphyses
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Figure 4.6: Procyon lotor (Raccoon) tibia (A) with a corresponding micrograph
showing representative microstructural arrangement (B) and schematic (C). Areas
of secondary and primary bone alternate across the width of the cortex, beginning
and ending with primary bone of the periosteal and endosteal surfaces, respectively.
Scale for (A) = 2cm. Scale for (B,C) = 0.5mm.
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are missing from the specimen so the total length could not be obtained. However,
the length of the diaphysis is 172.62mm measured along the anterior margin. This is
presumably a younger animal, because the epiphyses are not ossified to the diaphysis.
The proximal articular end is wider mediolaterally (47.41mm) than it is anteroposteriorly (35.78mm). The tibial tuberosity is not particularly prominent relative to
the overall robusticity of the diaphysis. The morphology of the proximal first fourth
of the tuberosity is obscured because of the missing proximal epiphysis. The second
fourth of the tuberosity shows a large roughened patch referable to a muscle attachment that ends slightly above the mid-point of the diaphysis. The diaphysis is fairly
straight. However, there is a very slight medial convexity in the proximal half of the
shaft. When viewed medially or laterally, the shaft is convex towards the anterior.
The medial and interosseous margins are fairly nondistinct, and there is no popliteal
line or fossa located along the posterior face. The only indications that there may
have been muscle attachment sites along the posterior face are slightly roughened
lines that angle slightly medially. The only feature on the posterior face is a large
nutrient foramen located of the length of the shaft down from the proximal border
of the diaphysis. The distal end of the diaphysis is wider mediolaterally (34.13mm)
than it is anteroposteriorly (27.37mm).
Microstructural arrangement of the left tibia: The width of the cortex shows intermingling areas of primary and secondary bone formation. No regular pattern of
remodeling is evident and, unlike other carnivores, the secondary bone continues to
the edge of the endosteal surface (Figure 4.7 B, C). Continuous primary bone along
the periosteal surface measures from 0.5 millimeters to 1.5 millimeters. Secondary
osteons do not overlap one another to a great degree, indicating that remodeling was
limited in this bone during the animal’s life. Primary vasculature is rare, but when
present, shows highly elliptical shape in cross-section. This indicates that the orientation for the primary vasculature is at some angle relative to the longtudinal axis of
the diaphysis.
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Figure 4.7: Ursus americanus (Black bear) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B) and schematic
(C). Areas of secondary and primary bone intermingle along the width of the
cortex, with secondary bone present to the edge of the endosteal surface. Scale for
(A) = 2cm. Scale for (B,C) = 0.5mm.
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4.4.3

Order Rodentia

Marmota monax
Family: Sciuridae
Common name: Groundhog
Accession number: NCSM, not cataloged

Description of the left tibia: The tibia of the groundhog represents a skeletal form in
this dataset that is mid-way between gracile and robust. The suture line connecting
the diaphysis with the distal epiphysis is fully ossified, but is still visible (Figure 4.8
A). The suture connecting the diaphysis with the proximal articular end is not fully
ossified and is still very distinct around the entirety of the bone. The total length
of the bone is 76.92mm, and the length of the diaphysis is 61.95mm measured along
the anterior margin. The shaft of the bone is slightly concave along the interosseous
margin and greatly concave along the dorsal margin. The medial side of the bone
is slightly convex while the anterior/ventral margin of the bone is more convex relative to the medial margin. When viewed anteriorly, the greatest “bend” in the bone
occurs above the mid-point of the diaphysis. However, when viewed laterally or medially, the arch in the bone is continuous from the proximal to the distal end. The
proximal articular end is 1.65 times the mediolateral width of the distal articular
end. The proximal articular end is slightly wider mediolaterally (16.17mm) than it
is anteroposteriorly (12.91). The lateral condyle is markedly larger than the medial
condyle. The lateral condyle has approximately the same anteroposterior length as
the medial condyle, but is wider mediolaterally. The lateral condyle shows a distinct saddle shape. The lateral intercondylar tubercle comprises the inner, smooth,
upturned lip of the lateral condylar “saddle”, which drops off abruptly into the continuous, U-shaped valley between the condyles. The U-shaped valley includes both
the anterior and posterior intercondylar areas. The tibial tuberosity is present along
the anterior margin of the diaphysis. The length of the tibial tuberosity is 20.77mm
measured from the sutural line between the proximal epiphysis and the shaft to the
termination of the feature just above the mid-point of the diaphysis. The tuberosity
follows the medially convex curvature of the shaft. The medial margin is marked by
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a thin crest of bone that is more prominent proximally. Along the proximal section of
the crest is a roughened and slightly thickened area most likely serving as the origin
of the soleus muscle. There is no distinct soleal line as occurs in many other mammal
tibiae. Between the medial and interosseous margins there is a shallow fossa that terminates just above the mid-point of the diaphysis and just below a nutrient foramen.
The interosseous margin is similar to the medial margin, as the crest of bone becomes more prominent proximally. However, the proximal portion of the interosseous
margin does not show a thickening for muscle attachment. The fibular notch at the
distal end of the interosseous margin is a distinct, elongated, triangular roughened
area. There are two distinct lobes of bone extending downward from the medial side
of the distal articular end. The smaller of these lobes is the medial malleolus, which
is postioned medially. The larger lobe is positioned posteriomedially and is flanked
on the medial side by a relatively large crest of bone probably corresponding to the
attachment site of the flexor hallucis longus. Between the two lobes, there is a deep
malleolar groove. The distal articular end is slightly wider mediolaterally (9.18mm)
than it is anteroposteriorly (9.16mm).
Microstructural arrangement of the left tibia: The width of the cortex shows clear
microstructural distinction between periosteal bone, primary bone, secondary bone,
and endosteal bone, respectively. The primary and secondary bone occupy approximately equal widths in the cortex, whereas the periosteal and endosteal bone are thin
layers on the outer and inner surfaces of the diaphysis, respectively (Figure 4.8 B, C).
The cooresponding layers continue circumferentially around the diaphysis. The area
of secondary bone is dense with secondary osteons, indicating that there was a large
amount of local remodeling during the animal’s life. Primary vasculature is relatively
abundant and shows highly elliptical shapes in cross-section. This indicates that the
orientation of the primary vasculature is at a large angle relative to the longtudinal
axis of the diaphysis.
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Figure 4.8: Marmota monax (Groundhog) tibia (A) with a corresponding micro
graph showing representative microstructural arrangement (B) and schematic (C).
There is an optically distinct interface between the bone of the periosteal surface,
primary bone, secondary bone, and endosteal bone. Scale for (A) = 2cm. Scale for
(B,C) = 0.5mm.
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Castor canadensis
Family: Castoridae
Common name: American beaver
Accession number: NCSM, not cataloged

Description of the left tibia: The tibia of the beaver is an overall robust bone (Figure
4.9 A). In this specimen the total length could not be measured because the proximal
epiphysis is not present. The length of the diaphysis is 107.23mm measured along
the anterior margin. The open suture between the diaphysis and the distal epiphysis
and the absence of the proximal epiphysis indicate a more juvenile animal. When
viewed anteriorly/ventrally, the diaphysis is convex medially. The lateral side of the
shaft between the anterior and interosseous margins is strongly concave, and there is
a shallow fossa between the anterior and interosseous margins proximally. Viewing
the shaft medially, the bone is highly convex anteriorly along the proximal half of
the shaft and then becomes convex posteriorly along the second half of the diaphysis.
The alternation of convexity creates a slight S-shaped curve in the shaft. The existing
bone, measured at the sutural line is slightly wider mediolaterally (24.00mm) than
it is anteroposteriorly (21.95mm). The tibial tuberosity is present along the anterior
margin of the shaft and has a length of 58.9mm, thus terminating below the mid-point
of the diaphysis. In addition to creating the anterior border for a shallow fossa on the
more lateral face, the tuberosity also follows the curvature of the shaft. The medial
and interosseous margins are very distinct crests of bone proximally that eventually
blend into the shaft below the mid-point of the diaphysis. There is an elongate,
raised, and roughened muscle attachment site located just anterior to the medial
margin. This muscle attachment is suspected as the soleal line, despite the different
position relative to other tibiae in this dataset. Between the medial and interosseous
margins is a deep fossa that shallows below the mid-point of the diaphysis. The fibular
notch is an elongate feature at the distal end of the interosseous margin. The fibular
notch measures 31.76mm in length. The distal articular end is wider mediolaterially
(17.76mm) than it is anteroposteriorly (16.05mm). There are two malleoli flanking the
medial side of the articular surface. There seems to be no proper medial malleolus,
but instead there is an anterior malleolus and a posterior malleolus. The anterior
malleolus is wide and U-shaped and extends only slightly distally. The posterior
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malleolus is not as wide as the anterior malleolus and extends also farther distally
than that bone. The two structures are separated by a relatively deep sulcus of
uniform width. This is assumed to be the malleolar groove. The anterior edge of
the posterior malleolus consists of a raised but rounded portion of bone that flattens
out abruptly posteriorly to give a larger surface for the attachment of flexor hallucis
longus.
Microstructural arrangement of the left tibia: The width of the cortex shows clear microstructural distinction between periosteal bone, primary bone, and secondary bone.
However, there is no endosteal bone present, and the secondary bone continues to the
inner edge of the diaphysis. The primary bone occupies the majority of the width
of the cortex. Periosteal bone appears as a distinct, thin layer along the periosteal
surface. Bone remodeling is locally rare (Figure 4.9 B, C). Primary vasculature is
relatively abundant, showing highly elliptical shapes in cross-section. This indicates
that the orientation of the primary vasculature is at some high angle relative to the
longtudinal axis of the diaphysis.

4.4.4

Order Didelphimorphia

Didelphis virginianus
Family: Didelphidae
Common name: Opossum
Accession number: NCSM 8368

Description of the left tibia: The tibia of the opossum is an overall gracile bone
(Figure 4.10 A). The total length of the bone is 88.56mm. The length of the diaphysis
is 74.35mm measured along the anterior margin. This specimen appears to be a subadult animal as evidenced by the open sutures between the diaphysis and both the
proximal and distal epiphyses. When viewed anteriorly/ventrally, the shaft shows a
slight S-shape. Proximally, the shaft is convex medially. The inflection point of the
curvature is slightly above the mid-point of the diaphysis such that, at the mid-point
of the diaphysis, the shaft is convex laterally. The proximal and distal articular ends
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Figure 4.9: Castor canadensis (Beaver) tibia (A) with a corresponding micrograph
showing representative microstructural arrangement (B) and schematic (C). There
is an optically distinct interface between the bone of the periosteal surface, primary
bone, and secondary bone; no endosteal bone is present. Scale for (A) = 2cm. Scale
for (B,C) = 0.5mm.
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are not off-set from each other. The proximal articular end is wider mediolaterally
(13.69mm) than it is anteroposteriorly (11.57mm). The lateral condyle is slightly
larger than is the medial condyle. The lateral condyle is sub-circular, whereas the
medial condyle is oval with the long axis directed anteromedially. The lateral and
medial intercondylar tubercles seem to have merged into one, sub-central tubercle
raised into a rounded dome. There are no distinct anterior or posterior intercondylar
areas. Although the tibial tuberosity is present along the anterior margin, it is not
distinct from the majority of the shaft. It grades imperceptibly into the adjacent
bone, which is why it cannot be measured definitively. The morphologies of the
medial and interosseous margins are similar to that of the anterior margin. As in
most mammals, there are distinct faces of the tibia, but they are not defined by
prominent crests of bone. The proximal head of the fibula articulates in a shallow
fossa between the medial and interosseous margins, and it twists slightly to articulate
distally just anterior to the medial margin. The medial malleolus is a robust feature
that descends in a wide U-shape. The distal articular end is wider anteroposteriorly
(8.5mm) than it is mediolaterally (6.94mm).
Microstructural arrangement of the left tibia: The width of the cortex is dominated by
primary bone and is divided by a visually distinct boundary. Secondary structures
are rare, this section showing only a small number of secondary osteons along the
endosteal surface. Periosteal bone appears as a distinct, thin layer along the periosteal
surface (Figure 4.10 B, C). There is no distinct endosteal bone present in this crosssection. Primary vasculature is abundant, represented by a distinctive radial pattern
of the canals around the entire circumference of the diaphysis.

4.4.5

Order Lagomorpha

Lepus americanus
Family: Leporidae
Common name: Snowshoe hare
Accession number: MCZ 60888
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Figure 4.10: Didelphis virginianus (Opossum) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B) and schematic
(C). Primary bone with radial primary vasculature dominates the width of the
cortex. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm.
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Description of the left tibia: The tibia is slender and quite gracile relative to the length
of the bone (Figure 4.11 A). The overall length of the tibia is 114mm, with a diaphyseal
length of 102.04mm measured along the anterior margin. This specimen is mature,
as the suture lines between the diaphysis and the proximal and distal epiphyses are
completely obliterated. In dorsal/ventral and in medial/lateral views, the shaft is
straight and generally tapers distally. The proximal and distal ends are not offset
from one another. The proximal articular end is wider mediolaterally (14.31mm)
than it is anterioposteriorly (13.66mm). The lateral condyle of the proximal articular
end is significantly larger than the medial condyle. Both condyles are sub-ovate
with long axes tilted toward the sagittal plane of the tibia. The lateral condyle
shows an extended posterior lip that allows for attachment of the proximal fibula.
Medial and lateral intercondylar tubercles are present and distinct as rounded ridges
of bone bordering the connected anterior and posterior intercondylar areas. The
lateral intercondylar tubercle is slightly larger than the medial, and the tubercles
are generally directed anterioposteriorly. The tibial tuberosity is a distinct flare of
bone extending 16.31mm along the proximal shaft. Immediately below the distinct
flare, the tuberosity blends into the diaphysis. The anterior, medial, and interosseus
margins create the typical triangular form of the tibia. Each margin is represented
by a distinct ridge of bone. Along the proximal part of the posterior face of the
diaphysis, there is a long, slightly raised ridge of bone that reresents the soleal line.
The fibula is fused to the tibia along the interosseus margin; the distal end of the
fibula terminates just above the midpoint of the diaphysis. The distal articular end
of the tibia is wider mediolaterally (12.14mm) than it is anterioposteriorly (8.38mm).
The distal end is, thus far, distinct from that of other specimens in that it does not
show a typical mammalian medial malleolus.
Microstructural arrangement of the left tibia: The secondary bone is continuous along
the endosteal surface and has over-printed any primary endosteal bone that may have
been present (Figure 4.11 B, C). The width of the secondary bone is not constant
around the circumference of the diaphysis, and it frequently appears to be projecting
as lobes into primary bone. The primary bone is highly vascularized with canals
that are elliptical in shape. Secondary structures are dense, but do not appear to
overlap each other greatly. Periosteal bone appears as a distinct, thin layer along the
periosteal surface. There is no distinct endosteal bone present in this cross-section.
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Figure 4.11: Lepus americanus (Snowshoe hare) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B) and schematic
(C). Secondary bone is continuous along the endosteal surface, but is not constant
in width; it intermingles with primary bone of the outer cortex. Scale for (A) =
2cm. Scale for (B,C) = 0.5mm.
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4.4.6

Order Primates

Varecia variagata variagata
Family: Strepsirrhini
Common name: Ruffed lemur
Accession number: MCZ 59274

Desciption of the left tibia: The shaft is slender and of approximately equal circumference along it length (Figure 4.12 A). The shaft only changes width at the proximal and
distal ends to accommodate the epiphyses. The total length of the tibia is 137.32mm,
with a diaphyseal length of 116.55mm measured along the anterior margin. No suture
lines are visible, indicating that this specimen is mature. In a ventral/dorsal view
the shaft is straight, but a medial/lateral view shows the tibia is convex toward the
anterior margin. The proximal and distal epiphyses are not offset from one another.
The proximal articular end is wider mediolaterally (19.24mm) than it is dorsoventrally (16.26mm). The medial condyle of the proximal articular end is significantly
larger than the lateral condyle. Both condyles are sub-ovate, with their long axes
tilted toward the sagittal plane of the tibia. Whereas the medial condyle is convex
for articulation with the femur, the lateral condyle is only slightly convex. The medial
and lateral intercondylar tubercles have merged together to form one tubercle located
centrally between the condyles. The tubercle is a raised, rounded bump of bone that
separates the distinct anterior and posterior intercondylar areas. The tibial tuberosity is not prominent on the diaphysis, the tuberosity taking the form of a slightly
raised, flattened surface for muscle attachment. Whereas the anterior margin of the
tibia is distinguished by a sharp ridge of bone, the medial and interosseus margins
are less distinctive and highly rounded. On the proximal, posterior part of the shaft,
the soleal line is visible as a slightly raised, sharp ridge of bone tilted such that the
proximal extent of the muscle scar points medially. The distal articular end is wider
mediolaterally (13.48mm) than it is dorsoventrally (11.02mm). The medial malleolus
is a prominent, U-shaped, distal extension of bone. The malleolar groove is shallow.
On the lateral side of the distal articular end there is a distinct, fibular notch in the
shape of a half-circle.
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Figure 4.12: Varecia variegata variagata (Lemur) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B) and schematic
(C). Showing almost a quintessential “textbook” bone microstructural arrangment,
a thin layer of periosteal bone flanks the outer edge of the diaphysis followed
inwardly by regular widths of primary, secondary, and endosteal bone. Scale for (A)
= 2cm. Scale for (B,C) = 0.5mm.
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Microstructural arrangement of the left tibia: The microstructural arrangement in
the lemur has a very “textbook” appearance (Figure 4.12 B, C). Along the outer
edge of the diaphyseal cross-section, a thin layer of periosteal bone signals continuing bone growth. This feature is separated distinctly from primary bone, which
is approximately 0.5mm thick. An equal width of secondary bone is just inside of
the primary layer, and the endosteal surface is bounded by a thin layer of endosteal
bone. All layers continue circumferentially around the cortex, maintaining the same
arrangement. The primary bone is highly vascularized, with canals that are of various
shapes. Secondary structures are dense, and show some overlap with each other.

Macaca mulatta
Family: Cercopithecidae
Common name: Rhesus monkey
Accession number: MCZ 64360, First Series

Description of the left tibia: The shaft is of approximately equal circumference along
its length, but tapers slightly towards the distal end (Figure 4.13 A). The total length
of the tibia is 134.77mm, with a diaphyseal length of 107.67mm measured along the
anterior margin. Faint suture lines are still visible on the distal end, although the
distal epiphysis is fully ossified to the diaphysis. In contrast, the epiphysis is not fully
ossified to the diaphysis at the proximal end, indicating that this is a sub-mature
specimen. In a dorsal/ventral view, the shaft is convex towards the medial side.
In a lateral/medial view, the shaft is convex ventrally (anteriorly). The proximal
and distal articular ends are slightly offset from one another because of this shaft
curvature. The proximal articular end is wider mediolaterally (21.39mm) than it
is dorsoventrally (15.58mm). The lateral condyle is only slightly larger than the
medial condyle due to its more circular shape as compared to the ovate form of
the medial condyle. Both condyles show a concave articular surface and condyle
long axes that are dorsoventral in orientation. The lateral and medial intercondylar
tubercles are of the same morphology on both the medial and lateral condyles. They
show raised, sharp ridges of bone directed dorsoventrally and connected across the
intercondylar sulcus by a ridge of bone perpendicular to them. The ridges of bone
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create an “H”. There are distinct anterior and posterior intercondylar areas. The
tibial tuberosity lies close to the shaft and emerges from the proximal articular end
as an anteriorly flattened feature. The muscle scarring is distinct and follows the curve
of the shaft. The scarring terminates 43.76mm from the proximal articular end. The
interosseus margin is the most distinct of all margins, shown by a raised ridge of
bone. The anterior and medial margins are clearly identifiable, but are rounded in
form. The soleal line is very faint, extending distally to terminate at the midpoint
of the diaphysis. The medial malleolus is prominent and square, with the anterior
and distal-most corner slightly longer than the other corner. The malleolar groove is
shallow. On the lateral side of the distal articular end a shallow groove is present for
the articulation of the fibula.
Microstructural arrangement of the left tibia: There is a single layer each of primary
and secondary bone of almost equal widths (0̃.5 millimeters) in cross-section (Figure
4.13B, C). The primary bone is located along the periosteal edge, but no periosteal
bone is evident. In contrast, a thin layer of endosteal bone bounds the endosteal
surface. All layers, in the same arrangement, continue circumferentially around the
cortex. The primary vascularization is rare, only six canals evident in this crosssection. Secondary structures are dense, and show some overlap with each other.

Cebus sp.
Family: Cebidae
Common name: Capuchin monkey
Accession number: MCZ BOM 438

Description of the left tibia: The left tibia of BOM 438 has attached to it the distal
epiphysis of the femur, accompanied by extensive remnants of cartilage and ligaments
(Figure 4.14 A). The morphology of the proximal articular end of the tibia is masked
by the presence of the femoral epiphysis. Musuem guidelines prohibit additional destructive altering of specimens beyond what was agreed upon when the loan was
granted. The removal of the femoral epiphysis would violate the terms of the loan
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Figure 4.13: Macaca mulatto (Rhesus monkey) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B) and schematic
(C). A single layer each of primary and secondary bone dominate the thin-section.
A thin layer of endosteal bone flanks the inner edge of the diaphysis, but there is
not a distinct layer of periostal bone on the outer edge of the cortex. Scale for (A)
= 2cm. Scale for (B,C) = 0.5mm.
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agreement. For the description of Cebus sp., the morphology of the proximal articular end of the tibia will be described from the right tibia. All other parts of the
description, including that of the distal articular end, are sourced from the left tibia.
The gracile tibial shaft tapers gradually toward the distal end. The total length of the
tibia is 103.86mm, with a diaphyseal length of 84.58mm measured along the anterior
margin. Suture lines are prominent on the proximal and distal ends, indicating that
this is a sub-mature specimen. In a dorsal/ventral view the shaft is convex towards
the medial side. The proximal and distal articular ends are slightly offset from one
another because of this shaft curvature. In a lateral/medial view the shaft is convex
ventrally (anteriorly). The proximal articular end of the left tibia is wider mediolaterally (17.51mm) than it is dorsoventrally (13.42mm). On the right tibia, the proximal
lateral condyle is slightly larger than the medial condyle. Both condyles show ovate,
concave articular surfaces. The long axes of the medial and lateral condyle are oriented dorsoventrally. The intercondylar tubercles are not visible on the right tibia
because of remnant cartilage and ligments. However, distinct anterior and posterior
intercondylar areas are visible as shallow fossae that define a portion of the condyle
borders. The tibial tuberosity is not prominent and blends into the shaft, emerging
from the proximal articular end as an anteriorly flattened feature. The total length
of the tuberosity is approximately 1/4 the total shaft length. The interosseus margin
is the most distinct of all margins, shown by a raised ridge of bone. The anterior and
medial margins are clearly identifiable, but are rounded in form. There is no evidence
of a soleal line. The medial malleolus is prominent and quadrilateral with the anterior
and distal-most corner slightly longer than the other corner. On the lateral side of the
distal articular end, a shallow, crescent-shaped groove is present for the articulation
of the fibula.
Microstructural arrangement of the left tibia: The microstructural arrangement in
the capuchin monkey tibia has a very “textbook” appearance, similar to that of the
ruffed lemur (Figure 4.14 B, C). Along the outer edge of the diaphyseal cross-section,
a thin layer of periosteal bone flanks the outer edge of the cortex, followed inwardly
by approximately equal widths of primary and secondary bone. Unlike in the lemur,
the microstructural arrangement here does not have an optically discernable interface
between the primary and secondary bone layers. On the inner edge of the cortex,
the endosteal surface is bounded by a thin layer of endosteal bone. All layers, in
107

Figure 4.14: Cebus sp. (Capuchin monkey) tibia (A) with a corresponding
micrograph showing representative microstructural arrangement (B) and schematic
(C). There is a “textbook” example of mammalian microstructural arrangement. A
distinct layer of periostal bone caps the outer edge of the cortex, followed inwardly
by equal widths of primary and secondary bone, without an optically distinct
interface between. A thin layer of endosteal bone flanks the inner edge of the
diaphysis. Scale for (A) = 2cm. Scale for (B,C) = 0.5mm.
108

their arrangements continue circumferentially around the cortex. The primary bone
is highly vascularized, revealing canals that are of mainly elliptical shapes, which
signals that the primary vasculature is at some high angle to the longitudinal axis
of the diaphysis. Secondary structures are numerous, but do show overlap with each
other.

4.5

Intra-skeletal and Intra-bone Variation

The previous comparisons of 11 mammals focused on the same selected bone in all
specimens. The next-order question is whether the cortex of any or all bones in
the skeleton would yield the same taxon-specific signature in its bone microstructure.
The literature review presented in Chapter 1 revealed that there is little known about
the microstructural variation within a single skeleton or within a single bone (Enlow
and Brown, 1956, 1957, 1958). Whereas some innate variation is expected within the
skeletal elements of a particular taxon, too much variation could seriously limit the
use of the method presented in this dissertation in future endeavors. Comprehensive
analysis of variation within a single skeleton is a huge undertaking and beyond the
scope of this project. Instead, two case-studies in skeletal variation were developed
to address the critical issues in intra-skeletal variation discussed above. The full
skeleton of a wild extant mammal was desired, but could not be obtained on loan
through a museum. The author therefore acquired from the Missouri Department of
Transportation a specimen of Odocoileus virginianus (white-tailed deer).

4.5.1

Odocoileus virginianus

Order: Artiodactyla
Family: Cervidae
Common name: White-tailed deer

It is estimated that there are over 1 million white-tailed deer in Missouri (Figure 4.3),
a portion of which have contributed to over 3000 deer-vehicular accidents each year.
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A young doe killed in a highway collision in November, 2005 satisfied the necessity
for a complete mammalian specimen that would allow analysis of intra-skeletal and
intra-bone microstructural variation (see Chapter 7) to augment the Primary Dataset.
The deer was prepared by the author at Tyson Research Center at Washington University in Saint Louis. Preparation included skinning, gutting, and removal of desired
bones. Only the appendicular skeleton, ribs, and mandible were retained (Figure
4.15, Figure 4.16, Figure 4.17, and Figure 4.18). Additional treatment of the skeleton included submersing the bones in simmering water for four hours to remove any
remaining tissue and fat on and within the bone. Whereas this is a gentle process
and does not affect the bone microstructure, failure to do so would result in bone
rancidity. After simmering, bones were air-dried for one week before being moved
to appropriate storage and labeled. Unfortunately, the only damage to the skeleton
as a result of the vehicular accident was to the left tibia, preventing the deer from
inclusion in the Primary Dataset.
The doe was determined to be approximately two years old by mandibular tooth pattern analysis (Figure-Mandible) and was subsequently categorized as a young adult.
The age of two years was indicated by fully erupted permanent molars I-III, the loss
of the “milk” premolars, and the eruption of permanent premolar III. Full eruption
of premolars I-III occurs at an age of two and one-half years.
Complete skeletal and microstructural descriptions of the specimen are beyond the
scope of this dissertation. Instead, only the arrangement of the microstructural features of the bones used in the case-studies for intra-bone and intra-skeletal variation
are described in detail. The bones that are not addressed in this thesis will be used
in future analyses of bone microstructural variation.

4.5.2

Variation Datasets

The datasets analyzed in the case studies of intra-skeletal and intra-bone microstructural variation are focused on the ribs of Odocoileus virginianus. The ribs were chosen
for analysis because (1) during formation, the ribs undergo intramembranous ossification, unlike the bones of the appendicular skeleton, such as the tibiae in the Primary
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Figure 4.15: The long bones of the left portion of the appendicular skeleton of the
specimen of Odocoileus virginianus used in this study. The forelimb includes the
humerus (A), radius and ulna (B), and metacarpal (C). The hindlimb includes the
metatarsal (D) and femur (E). The left tibia was shattered in the deer-vehicular
accident. Scale = 5cm.
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Figure 4.16: Left ribs of the Odocoileus virginianus specimen used in the current
study. Rib 1 is the anterior-most rib in the series. Scale = 5cm.
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Figure 4.17: Right mandible of the Odocoileus virginianus specimen used in this
study. The tooth patterning indicates that the specimen was approximately 2 years
old at the time of death, as evidenced by fully erupted molars I-III with sharp
cusps, the loss of the “milk” premolars, and the not yet fully erupted permanent
premolar III.
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Figure 4.18: Rib body and diaphyseal measurements of the appendicular skeleton of
the Odocoileus virginianus specimen used in the current project. The diaphyses of
long bones were measured between the proximal and distal epiphyseal sutures along
the anterior portion of the bone shaft.
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Dataset, which form by endochondral ossification, (2) ribs do not bear weight, (3) the
ribs are serially repeated bones, and (4) ribs and rib fragments are abundant in the
fossil record, yet have been deemed of little taxonomic value. Analysis of the ribs for
microstructural variation acknowledges the possibility of microstructural differences
between bones of different formation processes as well as between weight-bearing
and non-weight-bearing bones. As serially repeated skeletal elements, ribs offer the
chance to examine “closely related” bones in order to detect any variation. For example, if there is a great amount of variation among the ribs of the white-tailed deer, it
would be reasonable to hypothesize that a comparison between the other bones in the
skeleton would likewise yield high microstructural variability. Ribs are of particular
interest to the current study because of the abundance of this skeletal element in the
fossil record. The gross morphology of the rib body shows a “piscis” or pointed oval
geometry in cross-section, allowing even small fragments to be identified as ribs. Unfortunately, the gross morphology of even a complete rib holds little taxonomic value,
and the rib rarely can be identified taxonomically in the absence of more distinctive
skeletal elements. The outcome of the current study on the variation of bone microstructure within the deer ribs will indicate the applicability of the microstructural
technique to fossil rib fragments and guide the continuation of intra-skeletal analysis
of microstructural variation.
All rib bodies were measured to determine where the bones would be cut (Figure 4.19
A). The mid-body of the rib was determined as equidistant from the proximal and
distal ends of the bone (Figure 4.19 B) and four additional cuts divided the remaining
rib body into equal sections.

Dataset I: Intra-skeletal Variation
Microstructural features from the mid-body (cut 3) of left ribs 2-12 were compared
in order evaluate intra-skeletal variation. The distribution, proportions, and arrangement of the microstructural features within the primary and secondary bone of each
mid-body thin-section was similar. A representative sample is illustrated using left
rib 7 in Figure 4.20. In all micrographs, the periosteal surface of the rib appears on
the left side of the micrograph.
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Figure 4.19: Odocoileus virginianus left rib 7. The total length of the rib body (red,
dotted line) was measured before determination of cut placement (A). Cut three is
the mid-point of the rib body, equidistant from the proximal and distal ends (B).
The other four cuts divide the rib equally and are made perpendicular to the rib
body. Scale = 5cm.
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Microstructural arrangement of Odocoileus virginianus left Rib 7, Cut 3: Primary
and secondary bone occupy equal widths within the cortex. There is no distinct periosteal bone along the outer edge of the rib body cross-section, although primary
bone is clearly identifiable on the outer part of the cortex. There are two visually
distinct interfaces in the cross-section, one within the primary bone and the other
between the primary and secondary bone layers. All layers and their arrangement
continue circumferentially around the cortex. The primary bone is moderately vascularized with canals that are mainly circular and somewhat elliptical, signaling that
the primary vasculature is at some small angle to the longitudinal axis of the rib
body. Secondary structures are numerous, but do not overlap each other.

Dataset II: Intra-bone Variation
Arrays of microstructural features in the thin-sections made from the five cuts along
Odocoileus virginianus left rib 7 were compared in order to evaluate intra-bone variation. The arrangement of the microstructural features throughout left rib 7 are
described below.
Microstructural arrangement of Odocoileus virginianus left Rib 7, Cut 1: Primary and
secondary bone occupy equal widths within the cortex (Figure 4.21 B,C). There is no
distinct periosteal bone along the outer edge of the rib body cross-section, although
primary bone is identified on the outer part of the cortex. There is one visually
distinct interface in the cross-section, which divides the primary from the secondary
bone layer. All layers and their arrangement continue circumferentially around the
cortex. The primary bone is moderately vascularized with canals that are mainly
circular to slightly elliptical, signaling that the primary vasculature is at some small
angle to the longitudinal axis of the rib body. Secondary structures are numerous
and show significant overlap with each other.
Microstructural arrangement of Odocoileus virginianus left Rib 7, Cut 2: The secondary bone occupies double the width that the primary bone does (Figure 4.22 B,C).
There is no distinct periosteal bone along the outer edge of the rib body cross-section,
although primary bone is identified on the outer part of the cortex. All layers and
their arrangement continue circumferentially around the cortex. The primary bone is
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Figure 4.20: Odocoileus virginianus left rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 3 (B) and a schematic
(C). Sub-equal widths of primary and secondary bone occupy the cortex. The cortex
is generally very vascularized. Scale for (A) = 5cm. Scale for (B,C) = 0.2mm.
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Figure 4.21: Odocoileus virginianus left rib 7, (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 1(B) and a schematic
(C). Sub-equal widths of primary and secondary bone occupy the cortex. There is
no distinct periosteal bone. Scale for (A) = 5cm. Scale for (B,C) = 0.2 mm.
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poorly vascularized, with canals that are mainly circular, signaling that the primary
vasculature is parallel to the longitudinal axis of the rib body. Secondary osteons are
numerous and show significant overlap with each other.
Microstructural arrangement of Odocoileus virginianus left rib 7, cut 3: see subsection: Intra-skeletal variation and Figure 4.20.
Microstructural arrangement of Odocoileus virginianus left rib 7, cut 4: Primary and
secondary bone occupy equal widths within the cortex (Figure 4.23 B,C). There is no
distinct periosteal bone along the outer edge of the rib body cross-section, although
primary bone is identified on the outer part of the cortex. There is one visually
distinct interface in the cross-section, which divides the primary from the secondary
bone layer. All layers and the arrangement continue circumferentially around the
cortex. The primary bone is moderately to highly vascularized, with canals that are
mainly circular, signaling that the primary vasculature is parallel to the longitudinal
axis of the rib body. Secondary structures are present, but do not overlap each other.
Microstructural arrangement of Odocoileus virginianus left rib 7, cut 5: Primary
and secondary bone occupy equal widths within the cortex (Figure 4.24 B,C). There
is no distinct periosteal bone along the outer edge of the rib body cross-section,
although primary bone is identifiable on the outer part of the cortex. All layers and
the arrangement continue circumferentially around the cortex. The primary bone is
poorly vascularized. Secondary osteons are present, but do not overlap each other.
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Figure 4.22: Odocoileus virginianus left Rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 2 (B) and a schematic
(C). Secondary bone makes up double the width of the primary bone. Scale for (A)
= 5cm. Scale for (B,C) = 0.2mm.
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Figure 4.23: Odocoileus virginianus left Rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 4 (B) and a schematic
(C). Sub-equal widths of primary and secondary bone make up the cortex. There is
no distinct periosteal bone. Scale for (A) = 5cm. Scale for (B,C) = 0.2mm.
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Figure 4.24: Odocoileus virginianus left Rib 7 (A) with a corresponding micrograph
showing representative microstructural arrangement of Cut 5 (B) and a schematic
(C). Sub-equal widths of primary and secondary bone make up the cortex. The
primary bone shows a low density of vascularization. Scale for (A) = 5cm. Scale for
(B,C) = 0.2mm.
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Chapter 5
Principal Components Analysis of
the Primary Dataset and Dataset
Modeling

5.1

Introduction

The Primary Dataset, consisting of the 11 mammalian taxa described in Chapter 4,
is used as the first evaluation of the new method presented in this dissertation. The
Primary Dataset serves as a representative sample of taxa for the evaluation of the
degree to which the metrics separate the taxa. These measurements also establish
the first dataset dedicated to quantitative taxonomy. In viewing the tests of this
hypothesis as a pyramid, the present dissertation represents the wide base of the
pyramid upon which all other test depends. The base should not only be wide in
scope, but should also represent a broad overview of microstructural variation. The
decision to populate the Primary Dataset with mammals from a variety of Orders
ensured broad phylogenetic, habitat, and locomotive separation, hypothetically also
ensuring wide variation in the bone microstructure. Proven ability to separate taxa
on the basis of bone microstructure at the Order level would suggest that additional
datasets be considered in the future. Such sets would be more tightly honed for
determining, for instance, to what taxonomic level the method can be effective, the
variation within species, and an evaluation of taxa from more specific environments
(i.e., moving towards the apex of the pyramid).
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The exploratory nature of this dissertation makes it necessary to document the details
of each step that was taken in order to assure the validity of the results and future
repeatability. There are no prior tests for comparison, no published standards for
data collection, and no analogous course of research. The first iterations of such tests
are established and analyzed here. Although this chapter is mainly concerned with
the presentation of statistical output, it is equally important to address the specific
data preparation and configuration that preceded any statistical analysis. In order
to give a comprehensive overview of the treatment of the Primary Dataset, Chapter
5 will address (1) data collection and measurement, (2) data manipulation, (3) an
overview of each statistical technique with reference to the Primary Dataset, (4) input
structure of the Dataset for each statistical analysis, (5) results for each statistical
analysis, (5) the meaning of the results, and (6) future outlook for this method in
quantitative taxonomy.

5.2

Collection of Microstructural Data

In this chapter, the collection of data refers to the treatment of the microstructures
after the thin-sectioning procedure was completed. “Data collection” actually began
during the selection of mammal tibiae, the harvesting of the mid-diaphysis, and the
making of a thin-section for each mammal tibia. A detailed account of bone harvesting
and thin-section procedure is outlined in Chapter 3. With those procedures now
established, focus is shifted to the determination of an optimal procedure to collect
and organize microstructural data.
The Primary Dataset presents an interesting situation because, without prior knowledge of microstructural variation within and between taxa, optimizing data collection
becomes difficult. It is essentially a “best guess” of experimental set-up that will
be refined later after statistical analysis. How would the differences in the number of microstructures among data subsets be considered in analysis? How many
microstructures would have to be measured for each taxon in order to detect reliable and reproducible differences between taxa? Because the microstructures are on
the micrometer scale, what magnification should be used for each micrograph to ensure that the features can be measured accurately? Based on the above questions,
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a specific approach was adopted, and all measurable microstructures within the 11
cross-sections were considered in the analysis.

5.2.1

Dataset Hierarchy

The measurements made on each microstructural feature were designed to be straightforward and repeatable. Regardless of where the feature in located in the cortex, it
is always measured identically using the fundamental principals of geometry detailed
in Chapter 3. The method does not consider the overarching feature “microstructural arrangement” as a variable to distinguish taxa. However, the density of the
microstructures changes along the circumference of the cortex. In other words, there
are numerous levels of variation inherent in each sample that must be accounted
for in this first test of the method. For instance, not only can there be variation
between mammal specimens, but there is also microstructural variation within one
cross-section, etc. To account for any variation within a single specimen and to enhance the ability to scrutinize the data more closely if necessary, the Primary Dataset
was organized in a hierarchy with increasing specificity at each successive tier. The
tiers range in specificity from the whole tibia at the broadest level, Tier I, to a single microstructural measurement at the most specific level (Tier V) (Figure 5.1).
Using the groundhog as an example in Figure-Hierarchy, Tier I refers to the broadest data-level, occupied in this dataset by the left tibia. Tier II is occupied by the
mid-diaphyseal cross-section taken from the tibia and is followed by the individual
micrograph images in Tier III, taken from the mid-diaphyseal cross-section. Within
each micrograph, represented as Tier IV, are five measurable microstructural types
(primary vasculature, secondary osteons, Haversian canals, primary lacunae, and secondary lacunae). Each of the five microstructural types is then subject to a series of
measurements and calculations, represented in Tier V. By organizing the data in this
way, the microstructural variation in each level can be explored and then taken into
account for future dataset organization and treatment. Tiers I and II are presented in
detail in Chapter 3. The following sections will address the treatment of the dataset
with regard to Tiers III, IV, and V.
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Figure 5.1: The five hierarchical levels of data specificity are illustrated here using
the Groundhog tibia as an example. Tiers I and II correspond to the entire tibia
and the single cross-section taken from the mid-diaphysis for microstructural
analysis. Tier III is represented by each micrograph in the cross section. Tier IV
refers to each of the five microstructural types (secondary osteon, Haversian canal,
secondary lacunae, primary lacunae, primary vasculature). Tier V is represented by
the series of specific metrics used to characterize each of the types of
microstructures in the cross-section. The number of measurements made depends
on the type of microstructure.
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Micrographs - Tier III
The size, shape, and cortical thickness of each tibia in the Primary Dataset were
unique to the taxon (for details see Chapter 4). The transverse cross-section made
from the tibia also reflected these morphological differences. For instance, a larger
cross-section was generally associated with larger cortical area. There were three main
concerns when deciding how the micrographs should be taken: (1) the magnification
of the microstructures must be sufficient to allow accurate marking of the features
prior to measurement in the Welsh Computer Program, (2) all the micrographs must
be taken at the same magnification despite the size differences of the cross-section to
enable the Welsh Computer Program to output directly comparable measurements,
and (3) all microstructures in the cross-section should be measured only once.
Micrographs of the cross-sections were taken using the 5x objective at a resolution of
2040 x 1536 pixels per micrograph. At this magnification and resolution, the micrographs could be “zoomed to” 300% of their original size and retain enough resolution
to accurately mark the smallest microstructures, the lacunae. Each original micrograph has an area of 1.5mm × 1.5mm. However, the dimensions of each micrograph
as a “sample of bone” change slightly depending on the thickness of the cortex. Different bone microstructural types are found in different sections of the cortex (see
Chapter for an overview of the cortices of the Primary Dataset). If the cortical
thickness of a tibial specimen exceeds the width of a single micrograph (1.5mm) the
number and type of microstructures in that image will be different than in a micrograph that shows the entire cortical width (i.e., secondary osteons are likely to be
found on the endosteal surface; if the micrograph only shows the periosteal half of
the cortex, then the sampling becomes biased). For instance, the bear has a cortex
that is wider than 1.5mm. This means that a typical micrograph “sample” for the
bear cross-section might be 1.5mm in height and 3.0mm in width, whereas mammals
with cortical widths less than 1.5mm will have micrograph “sample” dimensions of
1.5mm in height and 1.0mm in width.Each micrograph has a height of approximately
1.5mm. To compensate for the differences in cortical thickness of the tibial samples in
the Primary Dataset, consecutive micrographs were taken by moving the field-of view
radially across the cortex. The micrographs were then combined into a panoramic
view in Adobe Photoshop. The differences in cortical thickness are taken into account
in the metric “CT” (see below). Also because each micrograph was taken at the same
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magnification, the different sizes of the tibial cross-sections yielded a different number
of micrographs per specimen. The number of micrographs per cross-section ranged
from 5 for the opossum to 32 for the bear (Figure 5.2) for a total of 161 micrographs
for all mammalian specimens in the Primary Dataset.

Figure 5.2: Tabulation of the number of microstructural units of each of the five
types measured within all 161 micrographs. The total number of microstructural
units is dominated by the number of measured primary vascular canals, the
majority of which were measured from the Hare. The number of micrographs per
cross-section ranged from 5 to 32, from which 15,745 microstructural units were
measured in total.
To ensure that each microstructural unit was measured only once, the first micrograph was taken from the anterior-most point of each cross-section. In addition to
the radial images taken across the cortical width of each cross-section, sequential
images were also taken by rotating the cross-section in a counterclockwise direction
following the bone cortex. Each micrograph overlapped slightly, serving a duel purpose. The overlap ensured that all data (microstructures) were measured and that
no microstructures were measured twice. A double-check of this was then made when
marking the micrographs.

Microstructures - Tier IV
The microstructural types marked and measured, as discussed in Chapter 3, included
individual examples of all primary vasculature, secondary osteons, and Haversian
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canals from each tibial cross-section. Samples of approximately 10 primary and 10
secondary lacunae were taken from each microscope field-of view ((1.5 x 1.5)mm2 ).
Note here that the number of measured primary and secondary lacunae also vary by
cortical width. For instance, if the cortical thickness of a specimen could be captured
in two fields-o-view, then the total number of secondary lacunae measured would be
20. The 161 micrographs yielded 15,745 microstructural units (Figure 5.2) that were
marked by hand and then measured automatically using the Welsh algorithm. Just
as there were differences in the number of micrographs per cross-section, the number
of units of each type of microstructure also differed per micrograph as well as per
cross-section. Summaries of these data for each taxon can be found in Figure 5.3
through Figure 5.13. These tables organize the data to show the breakdown (and
totals) of number and type of microstructures measured from each micrograph. The
tables for each taxon, as well as the summary table (Figure 5.2), show that the number of measured secondary osteons and Haversian canals is similar. This is expected
because only those Haversian canals that were within measured secondary osteons
were included in the dataset. The slight difference in the numbers of measured secondary osteons and Haversian canals results from several occurrences of two or more
Haversian canals within the reversal line of one secondary osteon (Figure 5.14 (A)).
It is important to note here that the criterion for marking a secondary osteon for
measurement was that the entire circumference of the reversal line must be visible.
The remodeling of cortical bone throughout the life of an animal, however, results
in overprinting of early secondary osteons by later ones (Figure 5.14 (B)). The secondary osteons whose reveral lines were obscured by later bone remodeling were not
considered in this analysis. Differences between the number of primary lacunae and
secondary lacunae are a result of the type of bone (primary vs. secondary) present in
the cross-section. For example, the bear cross-section (Figure 5.3) was almost entirely
composed of secondary bone, leaving only a few opportunities to collect measurements
on primary structures. All measured microstructural units (15,745) are used in the
statistical analysis.

Microstructure measurements - Tier V
The goal of the principal component analyses and the multiple discriminant analyses
(6) in this dissertation is to record variation in bone microstructural morphology
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Figure 5.3: The number of microstructural units measured per micrograph ranged
from 46 to 448 and was dominated by secondary osteons and Haversian canals. The
bear had the highest number of microstructural units measured in one cross-section,
5151.
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Figure 5.4: The number of microstructural units measured per micrograph ranged
from 30 to 101 and was dominated by primary vascular canals. This microstructural
dominance is evident in the totals per microstructural type, showing the primary
vasculature with a total of 709 measured units in the Beaver cross-section compared
to only 75 units each for secondary osteons and Haversian canals.
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Figure 5.5: The bobcat cross-section is dominated by secondary osteons (687) and
Haversian canals (701) compared to the primary vasculature (231). The total
number of microstructural units measured per micrograph ranged from 69 to 178.

Figure 5.6: Summary table of the microstructural units measured in the Capuchin
monkey cross-section. Despite large differences in the number of microstructural
units measured per micrograph, i.e., 10 to 90, the total number of measured
secondary osteons, Haversian canals, and primary vascular canals is close to equal.
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Figure 5.7: The coyote cross-section is dominated by secondary structures. Many of
the micrographs do not show any primary vascular canals. The accompanying
absence of primary lacunae indicates that the lack of primary vascular canals was
due to bone remodeling rather than simple lack of vascularization in the primary
bone. Total microstructural units measured per micrograph ranged from 16 to 82.

Figure 5.8: The total number of microstructural units measured per micrograph
ranges from 19 to 65. The partitioning of the microstructures into types reveals that
there were many more primary vascular canals in the cross section (81) than
secondary osteons and Haversian canals (31 each).
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Figure 5.9: In contrast to the Bear (Figure 5.3), the cross-section of the Hare is
dominated by primary vascular canals (1126) and has a dearth of secondary osteons
(54) and Haversian canals (54). Given the size of the cross-section, there was a
relatively large number of microstructural units measured per micrograph, ranging
from 95 to 263.

Figure 5.10: The lemur cross-section is dominated by primary vascular canals (492)
rather than secondary osteons (103) and Haversian canals (102). The number of
microstructural units measured per micrograph ranged from 71 to 162.
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Figure 5.11: The opossum has the lowest number of micrographs per tibial
cross-section. The cross-section shows many more primary vascular canals (233)
than secondary osteons (32) and Haversian canals (33). The number of
microstructural units measured per micrograph range from 32 to 130.

Figure 5.12: The raccoon cross-section shows many more primary vascular canals
(539) than secondary osteons (184) and Haversian canals (181). The number of
microstructural units measured per micrograph ranged from 68 to 139.
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Figure 5.13: The cross-section of the rhesus monkey showed more secondary osteons
(309) and Haversian canals (309) than primary vasculature(84). Given the
abundance of primary lacunae (about the same for the secondary lacunae), it
appears that although primary bone was present, it was not highly vascularized.
The number of microstructural units measured per micrograph ranged from 33 to
108.
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Figure 5.14: In the simplest case, the number of secondary osteons equals that of
Haversian canals. Some deviation from this equality is due to the occurrence of two
or more Haversian canals within a single osteon (A, red arrows). Only those
secondary osteons showing the entire circumference of the reversal line (B, red
outline) were marked for measurement. The secondary osteon outlined in green has
been partly overprinted and is not considered in the analysis. Examples sourced
from O.virginianus rib (A) and F. rufus tibia. Scale for A = 0.2mm. Scale for B =
0.5mm.
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within a single taxon (cross-section) so as to recognize differences between taxa in
the Primary Dataset. The answer to the question “Can tetrapods be distinguished
on the basis of bone microstructural morphology?” relies simply on size, shape, and
orientation of the microstructural units. Figure 5.15 provides a list of the specific
measurements (metrics) and their abbreviations.
The geometry of the direct measurements is described in Chapter 3. In addition to
those direct measurements, several other metrics were derived to show the relationships among certain measurements and microstructural types in the dataset (Figure
5.16). The five derived metrics include (1) the ratio of the major and minor axes
of the bounding ellipse (i.e. the ellipse generated by the Welsh algorithm that fully
encompasses the real microstructural unit), (2) the ratio of the microstructural unit’s
circumference to the circumference of its bounding ellipse, (3) the ratio of the secondary osteon’s circumference to its Haversian canal’s circumference, (4) the ratio
of the primary lacuna’s circumference to the secondary lacuna’s circumference, and
(5) the ratio of the primary vascular canal’s circumference to the Haversian canal’s
circumference. Each metric listed describes a certain relationship between the sizes
and shapes of microstructural types that may not otherwise be detected during statistical analysis. The ratio of the major and minor axes of the bounding ellipse (1)
reflects the shape of the ellipse regardless of its absolute size. The comparison of the
microstructural unit’s circumference with the circumference of the bounding ellipse
(2) captures the departure from an elliptical shape. Whereas much of the phenotypic
expression of bone formation and remodeling has been documented in direct measurements, there are still certain relationships, such as the difference in size between
primary and secondary lacunae, that have yet to be explored. The metric comparing
the circumferences of the primary and secondary lacunae (4) will address any difference in size. The ratio of circumferences of the primary and secondary (Haversian)
vasculature (5) reveals whether the vascular channels that originated during the primary formation of the bone are the same size as those formed as result a remodeling
process. Interpretation of the size of the Haversian canal presents a challenge in the
absence of information on whether the canal was at its final size. Remodeling of bone
is a continuous process. It is possible that some of the variation in the sizes of the
Haversian canals is due to the cessation of remodeling forced by the animal’s death
rather than as the result of completion of the remodeling process. In addition to the
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Figure 5.15: Each metric used in Runs 1, 2, and 3 is represented by an abbreviation
that refers to the type of microstructure and the specific measurement being applied
to it.
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derived measurements described above, cortical thickness (CT) was also measured for
each micrograph sample.

5.3

Statistical Methods: Selection and Application

The goals of the statistical treatment of the datasets presented in this dissertation
are (1) to evaluate whether the variation in the size, shape, and orientation in the
microstructural types can be attributed to taxonomic differences, (2) to gain insight
into the metrics that account for the microstructural differences between taxa, (3)
to evaluate the variance within each taxon of the data described above, (4) to test
a series of “knowns” against a model of the Primary Dataset, and (5) to provide a
statistical basis for construction of future databases. The first and second goals are
accomplished through the use of Principal Components Analysis (PCA). The fourth
goal is accomplished by using the method of Soft Independent Modeling of Class
Analogy (SIMCA). The fifth goal is accomplish by the combination of the statistical
techniques used here. The continuation of this project will eventually see the introduction of additional statistical analyses more appropriate for group classification and
model generation, such as Discriminant Function Analysis and Partial Least Squares
Regression. The following section provides background for PCA and SIMCA and
details of the application of both methods to the Primary Dataset.

5.3.1

Principal Components Analysis

Principal Components Analysis (PCA) is an exploratory multivariate statistical technique for identifying meaningful trends in complex datasets. The method is a statistical tool for transforming a set of multiple variables (from actual measurements)
that may be correlated into a new set of characteristics/variables that are not correlated. These new variables are called principal components, which conceptually plot
along orthogonal axes. These orthogonal axes are chosen for their ability to represent
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Figure 5.16: When microstructural measurements are averaged for a cross-section,
additional arithmetic functions can be applied to the direct measurements in order
to derive additional relationships among microstructures of different types.
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the maximum amount of variance in the samples’ data (i.e., what variable or combination of variables are responsible for the statistical dispersion of the data), using
eigenvector/eigenvalue analysis (or a similar formulation of singular value decomposition). Thus, the input to a PCA effort is a set of measurement data, annotated
with classifications and categories. The output from the PCA model is a set of new
axes and how they are related to the original variables (representing microstructural
metrics in this dissertation) having the greatest variance. The first principal component encompasses the greatest amount of variance, with the succeeding components
accounting for incrementally less variance.
Within the class of linear methods, PCA is considered the mathematically optimal
information-preserving transformation (Basilevsky, 1994; Everitt and Dunn, 1992;
Jolliffe, 1986). PCA simplifies the interactions of multiple variables through reduction in the dimensionality of the dataset. This reduction is accomplished through
a mathematical projection transformation, determined in this dissertation by eigenvector/eigenvalue analysis of a covariance matrix. The transformation results in a
new set of variables, the principal components, which represent the features of the
data with reference to a set of input variables. PCA has been shown to facilitate
many types of multivariate analysis including gene clustering expression (Yueng and
Ruzzo, 2001), temporal variation of meteorological fields (Horel, 1981), facial recognition (Kim et al., 2002), and data visualization (Siedlicki et al., 1988).
Powerful commercial PCA tools exist, and these are routinely applied to large and
diverse data sets in many industries and academic settings, ranging from pharmaceuticals to econometrics. PCA is a thoroughly validated, mathematically optimal
solution to the problem of identifying which variables in a data set have greatest explanatory value. Relevant aspects of PCA will be discussed in the context of analyzing
bone microstructural features, but a thorough discussion of the statistical validity of
PCA is beyond the scope of this dissertation; for more detail, see the reference by
Jolliffe 1986.
The challenge in applying PCA to a problem or set of questions involving measurements is not deriving an accurate PCA formulation (the formulation is complete)
or justifying a PCA analysis (the output is mathematically optimal, based on the
variance within the data). Rather, the challenge is to formulate the input data such
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that the most information will be extracted by the principal components analysis,
and then to properly interpret the results in the context of the system. PCA is a
powerful tool for identifying trends in a data set; the task of making sense of the
reported trends is for the scientist.
Underlying the hypothesis that taxa can be differentiated on the basis of bone microstructural morphology is an assumed ability to target those variables that will
contribute to the greatest diagnostic power, resulting in the largest amount of taxonomic separation of variables. The variables responsible for any separation of taxa are
revealed by generating a PCA model and projecting the data onto the newly derived
axes. The large size and complexity of the datasets in the current study require treatment with a statistical technique capable of multivariate analysis. This is essential,
not only to determine the variables that have the greatest positive effect on taxonomic
discrimination, but also to detect variables that contain redundant information, and
to prevent biased overweighting of variables. It is also important to identify those
variables that contribute little variability to the actual system under consideration.
These variables have meager explanatory value. At best, they contribute nothing to
the hypothesis. At worst, they add “noise” to the statistical signal arising from the
diagnostic features, which, if unchecked, swamp out meaningful output. In addition,
since the bone microstructure methodology is novel, the variability in the data set
and the identification of explanatory variables had to be addressed through the course
of the analysis. Such tasks are standard practice in PCA.

5.3.2

PCA of the Primary Dataset

In order to facilitate an understanding of basic PCA, a summary of the preparation
of the dataset and the analysis technique is given here in the context of the Primary
Dataset currently under study in this chapter. PCA is able to evaluate large datasets
consisting of multiple variables. However, appropriate treatment of the data before
analysis will ensure valid, reproducible results that then can be fully interpreted for
meaning and impact. The goal of PCA is to reduce the dimensionality of the data
matrix by identifying r new variables (the number of principal components) based
on the original dataset, which incorporates a number of observations, m, made on
a number of variables, n. The complete set of principal components (r) accounts
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for as much of the variance in the original variables (n) as possible, while remaining
uncorrelated and orthogonal. The structure of the imported data, then, directly
affects the outcome of the analysis. This section outlines the specific treatment of
the Primary Dataset prior to PCA and during post-processing of the output through
discussion and examples of (1) raw data output from the Welsh computer program, (2)
the configuration of the dataset that will undergo PCA, (3) the PCA output matrices,
and (4) the discarding and retention of variables. The “Welsh computer program”
refers to the software developed to automatically measure the microstructures that
were digitally hand-marked on the micrographs. A detailed discussion of the program
is found in Chapter 3.

5.3.3

Input

Raw Data
Input for the principal components analysis comes from the output of the Welsh
program. The output from the Welsh computer program consisted of two files: (1)
a duplicate of the digital micrograph, highlighting the measured microstructureal
units as overprinted with their corresponding points of axis-ellipse intersections and
centroid locations (see Chapter 3 Figure 3.9) and (2) a data table containing the
raw measurements and derived calculations from each microstructural unit marked
on the micrograph. An example of the data table output from the Welsh program
is given in Figure 5.17. It is important to note that the spreadsheet presented here
has not been modified from the actual algorithm output. As a result, some of the
terminology labeling each column is different than the terminology used throughout
the body of this dissertation. The original output terminology is preserved here as
a reference in the event that the algorithm should be used by another party. The
proper terms used in this dissertation are in parentheses. Each color in the Feature
(microstructural type) column represents one of the five types of microstructure.
The shape# (unit) assigns a number to each microstructural unit that then may
be located on the micrograph according to the unit’s centroid or top left X- and
Y-coordinates (blue highlight). Total shape# (Total Unit#) gives the total number
of units of that type in the micrograph view. Direct measurements and derived
145

calculations (green highlight) are given for each microstructural unit. A summary of
the units in the micrograph (yellow highlight) compiles the total number of units of
each microstructure type and the averages of all of the derived measurments. The
raw microstructure data from each micrograph were reorganized into input matrices
for PCA, and column labels were changed to reflect metric abbreviations. Details of
each data matrix used for the Primary Dataset are described below.

Dataset Organization
Data from the Primary Dataset were organized into three configurations to facilitate
multiple analyses for principal components—Run 1, Run 2, and Run 3 (Figure 5.18).
The structure of the input matrices (n x m) is different for each configuration. Simple examples of the matrices for Runs 1, 2 and 3 are shown in Figures 5.19 through
5.22. Each measurement in the matrix is coded for the type of microstructure (column headings in highlighted in green) and is represented by an abbreviation (Figure
5.15). The first analysis of the Primary Dataset, Run 1, is organized such that each
microstructure is a separate datapoint (i.e., there is no averaging of values). For
the input matrix of Run 1, each row corresponds to one microstructural unit, and
each column corresponds to one microstructural metric (Figure 5.19). Within Run 1,
each type of microstructure (secondary osteons, Haversian canals, primary lacunae,
secondary lacunae, and primary vasculature) is analyzed separately to determine its
individual influence over taxonomic separation in the Primary Dataset. These analyses are denoted as Runs 1A through 1E (Figure 5.18). Each microstructural unit is
considered here to be one “sample” of data (m). Because of the different cortical sizes
of the mid-tibial sections, some taxa are represented by a larger number of microstructural units. In addition, each of the five analyses in Run 1 has a different number
of microstructural metrics depending on the type of microstructure. PCA of the
primary vasculature evaluates 11 original microstructural metrics, Haversian canals
10 metrics, secondary osteons 10 metrics, primary lacunae 8 metrics, and secondary
lacunae 8 metrics (Figure 5.20).
For the principal components analysis of Primary Dataset Run 2, metric values for
each type of microstructure are averaged per micrograph. For the Run 2 input matrix,
each row corresponds to one micrograph (one micrograph is 1.5mm in height and the
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Figure 5.17: An example of the raw output from the Welsh computer program using
a portion of the data obtained from the periosteal portion of sample 10 (micrograph)
of the bobcat thin-section. The three dots in each of the sections of the last row and
column signify the continuation of data. Please refer to the text for further details
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Figure 5.18: A summary table of PCA Runs 1, 2, and 3 of the Primary Dataset.
total width of the cortex) from part of the one thin-section made for each of the
11 mammalian taxa (Figure 5.21). Each column in the PCA matrix corresponds
to a microstructural metric, and the value that appears in the box is the average
value of that metric within the specified micrograph. Each micrograph is considered
here to be one “sample” of data, for a total of 161 samples (m). Because of the
size difference in the cortex of the mid-tibial sections of these mammals, some taxa
are represented by more micrographs (samples) than others (Figure 5.2). For the
columns corresponding to microstructural metrics, the analysis of Run 2 begins with
11 metric values (see chapter 3 and above) for the primary vasculature, followed by
10 metrics for the Haversian canals, 10 metrics for the secondary osteons, 8 metrics
for the primary lacunae, 8 metrics for the secondary lacunae, 1 metric describing
cortical thickness, and an additional 3 metrics comparing measurements of certain
microstructural features (Figure 5.16), for a total of 51 metrics (n).
For principal component analysis Run 3 of the Primary Dataset, the metric values for
each type of microstructure are averaged over each complete tibial cross-section. In
the Run 3 input matrix, each row corresponds to one tibia cross-section (Figure 5.22),
i.e., also one taxon. Each cross-section is considered one “sample”, for a total of 11
samples (m). Each column corresponds to a microstructural metric. The analysis
of Run 3 begins with 11 metric values (see chapter 3 and above) for the primary
vasculature, 10 metrics for the Haversian canals, 10 metrics for the secondary osteons,
8 metrics for the primary lacunae, 8 metrics for the secondary lacunae, 1 metric
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Figure 5.19: A portion of the data input for Run 1 of the Primary Dataset showing
individual data points used to illustrate the spreadsheet structure. Cells containing
three dots symbolize the continuation of data. Only columns for the 10 metrics of
the secondary osteons are shown. All metrics shown in Figure 5.20 appear here as
columns.
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Figure 5.20: The metrics that can be applied to individual measurements with no
averaging are denoted with check-marks. Only these measurements are used in Run
1 of the Primary Dataset.
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Figure 5.21: A portion of the data input for Run 2 of the Primary Dataset using
micrographs as “samples.” Cells containing three dots symbolize the continuation of
data.
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describing cortical thickness, and an additional 3 metrics comparing measurements
of certain microstructural features (Figure 5.16), for a total of 51 metrics (n).
The number of principal components calculated for each Run is different depending on
the type of input matrix. Three principal components are calculated for each analysis
in Run 1 (5 total analyses). Fifteen principal components are calculated for Run 2,
and 11 principal components for Run 3. The number of principal components that
may be calculated depends on the number of variables and observations. The total
number of possible principal components is one less than the number of variables
or observations, whichever is the lower number. In Run 2 there are 51 variables
and 161 observations, making the number of possible principal components 50. In
Run 3, there are 51 variables and 12 observations, making the number of possible
principal components 11. Most of the variance is usually accounted for in the first
three components. Extending the analyses of Runs 2 and 3 to 15 and 11 components,
respectively, simply offers a better analytical view of the data, but may not offer
additional information. This issue will be discussed in a later section.
For initial exploration of the data, it was very important to retain all input variables
and microstructural data points before assuming that the input should be modified
in some way for enhanced analysis. The actual numbers of samples for each taxon in
Run 1 were retained (i.e., not normalized to a standard number of samples) because
the difference in the number of samples provides additional information that could be
used. For instance, if one cross-section contains a greater density of primary vascular
canals than another cross-section, this observation could be a separating feature at
some taxonomic level. Normalizing the data to equal numbers of primary vascular
canals per cross-section would eliminate this distinction. For the same reason, the
different numbers of micrograph samples in Run 2 (Figure 5.2) per cross-section were
not normalized across taxa (i.e., the number of micrographs per cross-section is an
indicator of the size of the tibial specimen). To calculate the principal components
of the variables in Runs 1, 2, and 3, n x m covariance matrices are used to calculate
n eigenvalues and their corresponding eigenvectors.
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Figure 5.22: A portion of the data input for Run 3 of the Primary Dataset using the
entire cross-section of each taxon as a “sample.” The values listed are averaged over
an entire thin-section. Cells containing three dots symbolize the continuation of
data.
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5.3.4

Retention and Discarding of Principal Components

Hypothetically, as stated above, the PCA output would transform the data with a
resulting output of n eigenvalues. The variance accounted for by each of the principal
components is represented by its associated eigenvalue. In this study, an eigenvalue
represents the variance of a component over all taxa. An eigenvalue is a scalar value
that corresponds to each eigenvector of the linear transformation (such as any combination of stretching, rotation, reflection, compression, or shear) of a vector space.
Each eigenvector defines a principal component. The eigenvectors with large eigenvalues are those that contribute most strongly to the PCA model; eigenvectors with
small eigenvalues contain very little to no information and may be considered “noise”.
Determining the true dimensionality of the data is a balance between retaining and
discarding components. The goal is to retain enough principal components to capture
the meaningful trends in the data set, while discarding those components that are
neither meaningful nor statistically relevant. There are several strategies that have
been proposed to determine the number of components to retain after principal components analysis of a correlation matrix. The Kaiser-Guttman rule and the Cattell
scree test are well-studied techniques used for this purpose (Browne, 1968; Cattell,
1966, 1978; Guttman, 1954; Hakistan et al., 1982; Kaiser, 1960; Linn, 1968). The
Kaiser-Guttman rule maintains that it does not make sense to retain components in
the analysis with eignenvalues values less than one. Eigenvalues less than one indicate
that the component explains less variance than the original, standardized variables in
the data set. Using this rule, all components with eigenvalues greater than or equal
to one are retained. The Cattell scree test is a graphical method that determines the
number of components that will be retained based on visual inspection of a change in
slope. By graphing the components’ eigenvalues against the component number and
joining all of the points, a sharp break in the slope of the curve is used to indicate the
number of components to retain, as illustrated later in the chapter. Choosing an optimal eigenvalue cutoff is a subject of some debate amongst statistical theorists; these
debates are clearly beyond the scope of this dissertation. The Kaiser-Guttman rule
sometimes retains too many components, whereas the Cattell scree test sometimes
does not retain enough components. However, both tests offer intuitive interpretation, and will be shown to produce robust and meaningful results in the context of
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bone microstructure. Both techniques are used in this dissertation and the results
compared.

5.3.5

Output

The software package Evince (Umbio, 2009) was used to facilitate PCA analysis.
Evince is a program for PCA, written and marketed by Umbio, a spin-off of the Wold
group at Umea University, Sweden; Herman and Svante Wold are the forefathers
of modern PCA and PLS analysis, having published the non-linear iterative partial
least squares (NIPALS) and partial least squares (PLS) algorithms beginning in 1966.
Evince combines rigorous statistical analysis and easy visual display of data, variables,
loadings, and PCA models.
The PCA implementation provides the mathematically optimal factorization of the
n x m matrix into two matrices: T, the scores matrix (dimensionality: n x f ) and
P, the loadings matrix (dimensionality: m x f ), where f is the number of factors.
The factors, f, are linear combinations of the original variables and are referred to as
principal components in PCA.

Scores: T
The T matrix provides information on the variables that explain the greatest amount
of variance in the dataset and that contribute to the separation of taxa according to
principal component axes. This provides an intuitive visual output for the optimal
score for a given loading matrix. The visual output of the T matrices for Run 1
is configured in two dimensions using principal components 1 and 2 as the X- and
Y-axes, respectively (for an example of this plot, refer to Figure 5.25 presented later
is this chapter). The visual plot of T matrices for Runs 2 and 3 of the Primary Datset
are configured in three dimensions using principal components 1, 2, and 3 as the X-,
Y-, and Z- axes. Examples of these plots are presented later in this chapter in context
of the principal components analysis in Figure 5.38 and Figure 5.47. The numerical
values on each of the axes correspond to the scalar quantities of the eigenvector
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representing each component. All data are centered about the origin as a result of
data normalization (i.e., subtracting the mean from each value).
The scores plot can be referred to as a map of samples. The 3D plots of T matrix
results are organized according to taxon. Each sample (i.e, each micrograph or each
taxon) is represented by a sphere. The color of each sphere corresponds to the taxon
(Figure 5.38). The size of the colored spheres indicates perspective on that particular
graph and has no further meaning. The variables that are most responsible for the
organization of the data in the scores matrix (T) are given in the P matrix.

Loadings: P
The loadings matrix (P) provides information on those original variables that account
for the greatest amount of variance in the scores (T) and that contribute to the
separation of taxa. Like the values of the PCA scores, the loadings can be plotted
with axes defined by principal components (e.g. Figure 5.25 B). The loadings plot
can be referred to as a map of variables.
Because each principal component is a combination of the original variables, it is possible to ascribe physical meaning to what the components represent. This relationship
also allows for the recognition of variables that do not contribute to the variance of
the data and that therefore could be excluded from future analyses without loss of
information. PCA provides a powerful paradigm for converging upon a minimal set
of variables that still maintain optimal diagnostic power. First, a full data set is analyzed, and score and loading matrices are calculated. On the first iteration, the input
data likely contain redundant information and information of low variance, which can
be pruned from consideration in the PCA model by examining their relative (weighted
percentage) contribution in the loading matrix, P.
For example, consider the bone microstructure measurements for the circumference of
an actual microstructural unit and the circumference of its best-fit ellipse. It is clear
from visual examination of many bone microstructure micrographs that the measured
features tend toward elliptical shapes. However, it was not known a priori to what
degree ellipticity would be diagnostic. Clearly, some shapes are well-fit by an ideal
two-axis ellipse, while other shapes (like curving primary vascular canals; Figure 5.23)
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are better fit by a numerical pixel-by-pixel shape descriptor. Combining knowledge
of the system and the PCA loadings, it is possible to reasonably judge whether shape
circumference and ellipse circumference were reporting redundant information to the
PCA model. If these two measurements were found to correlate strongly, the ellipse
circumference might be removed from consideration in the next iteration of the PCA
model, to prevent redundant information in the loading matrix.

Figure 5.23: The primary vascular canal outlined in red in this figure deviates from
the expected “elliptical” shape, making measurement by best-fit ellipse (blue
shading) subject to greater error in representation. Measurement of the actual
shape outline will give a better representation of the “real” circumference.
It is also important to consider those variables that may contribute little diagnostic
power to the model. Regardless of the weighting, it is not possible to derive meaningful
distinctions from variables that do not change much across experimental samples (i.e.,
they have a small global experimental variance). For example, consider the bone
microstructure measurements for the angle of orientation of the primary vascular
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canals with respect to the periosteal surface (PVPeri). In Run 1E, this variable
contributed very little to the loading matrix (see Figure 5.30), with a value almost
at the origin (0, 0), meaning that the variance in the measurements of the angle of
orientation of the primary vascular canals with respect to periosteal surface did not
contribute to the separation of taxa. Therefore, this variable may be removed from
the the PCA model, because no matter the weighting, it cannot contribute any useful
signal, only noise. In this way, a PCA of the entire dataset iteratively verges toward a
PCA model having only meaningful diagnostic variables. This kind of iterative data
pruning is entirely self-consistent and unbiased as long as unique variables having
diagnostic power are maintained in the set.
Eliminating the low-variance components, while reducing “noise”, also discards some
amount of information, so it is necessary to strike a balance between reducing dimensionality and capturing meaningful data. It is preferable to retain too many
principal components than to retain too few. Retaining too many components leads
to a situation where there is uneccessary noise in the data set, but since the principal
components are loaded according to the ranked P matrix, the contribution of “noisy”
components is minimized. The explanatory power estimates for the first few principal
components should be accurate. Retaining too few components is more dangerous,
because significant but unaccounted-for principal components may not contribute to
loadings in the P matrix, thereby leading to erroneous estimates of the significance
of the first components. Detailed results of the scores and loadings matrices from the
present analyses are discussed below.
The variables are distributed on the P matrix plots according to their contribution to
each principal component (e.g., Figure 5.30). The scalar values on the X- and Y- axes
do not correspond to the “amount” of variance explained by a variable. Rather, what
is important in the P-plot is the position of the variable relative to the origin of the
graph. The closer a variable is to the origin of the graph, the less effect it has on the
variance, whereas the farther the variable is from the origin (either in the positive or
negative direction) the more effect it has. Variables that plot on the same principal
component axis but that are associated with opposite signs ( -/+) on the graph, are
inversely correlated. Variables that plot within the quadrants of the graphs indicate
their covariance with respect to the two principal components.
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5.4
5.4.1

Results of Principal Components Analyses
Run 1

Run 1 evaluated the variance of each type of microstructure measured throughout
the taxa of the Primary Dataset. By partitioning the microstructures by type (i.e.,
secondary osteons, Haversian canals, primary lacunae, secondary lacunae, and primary vasculature) into five separate analyses, individual variation within each type
of microstructure could be evaluated within the set of taxa. The analyses lend themselves to direct questions. Could the taxa be separated on the basis of a suite of
measurements made on a single type of microstructural feature (i.e., can the taxa
in the Primary Dataset be distinguished using only the differences in the secondary
osteons)?
No more than three principal components were retained for each analysis in Run 1
(Figure 5.24). Principal components with eigenvalues greater than or equal to one
were retained based on the Kaiser-Guttman rule.

Secondary Osteons: 1A
PCA of the secondary osteons (Run 1A) resulted in two principal components that
account for 79% of the variance in the dataset (Figure 5.24). Principal component 1
(PC1) shows that most of variance is due to the size of the secondary osteon (Figure
5.25 B). The measurements of the actual microstructures (e.g., SOC) track with
estimations of the best-fit ellipse estimations (e.g., SOCEllipse). This relationship
can be interpreted in two ways: (1) the secondary osteons in the Primary Dataset,
regardless of taxon, have an overall elliptical shape or (2) the measurements of the
actual microstructure and the best-fit ellipe are different, but equally important in
explaining the variance. The metric that compares the ratio of the actual secondary
osteon circumference with the circumference of the best-fit ellipse (SOR) was created
to make this distinction. On the loadings plot, SOR plots in the upper right quadrant
and therefore shows covariance between PC1 and PC2; SOR also is positioned far from
those metrics related to osteon size, which are grouped on PC1. This suggests that
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Figure 5.24: The eigenvalues and r2 values for each of the five principal components
analyses of the Primary Dataset included in Run 1. Using the Kaiser-Guttman rule
(eigenvalue must be ≥1.0), PCA of the secondary osteons, primary lacunae, and
secondary lacunae results in two informative principal components, whereas
analyses of the Haversian canals and primary vasculature result in three principal
components to explain the variance in the dataset.
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there are indeed some secondary osteons in the Primary Dataset that differ from an
elliptical shape and that this shape deviation explains some of the variance in the
taxa. In a second example, the orientation of the secondary osteons with respect to
the periosteal surface (SOPeri), plotting close to the origin of the graph, explains
the least amount of variance on PC1 and PC2. No metrics plot on or very near to
the axis for PC2. The variance in principal component 2 (PC2) therefore can be
explained best by the longitudinal orientation of the secondary osteons (SOLong).
SOLong tracks with SOMMR, plotting at the top of the NE quandrant. This is an
expected relationship, because both metrics are calculated using the relationship of
the major and minor axes of the secondary osteon, which as major players in PC1.
The scores plot (Figure 5.25 A) shows how the taxa are arranged with respect to
their differences in secondary osteon morphology. The central cloud of bear secondary
osteons on the graph shows equal weighting on PC1 and PC2, the variance in the
secondary osteons accounted for almost equally by size and longitudinal orientation.
However, the bobcat and lemur, whose data clusters extend to a greater degree along
PC1, show that the variance in their secondary osteons is mostly a result of size.

Haversian Canals: 1B
The PCA of the Haversian canals (Run 1B) resulted in three principal components
that account for 87% of the variance (Figure 5.24). The variance in PC1 (Figure 5.26
A) is explained by the size of the Haversian canal, and PC2 is explained by the ratio
of the major and minor axis lengths (HCMMR) and the ratio of the actual Haversian
canal circumference to the best-fit ellipse circumference (HCR). The orientation of
the Haversian canal with respect to the periosteal surface (HCPeri), located at the
origin, does not explain any of the variance in PC1 or PC2, similar to the results from
Run 1A. The actual size measurements of the Haversian canals track with the measurements of the elliptical estimations, also like the secondary osteons. However, the
variance on PC2 is explained to a greater extent by the ratio of the actual Haversian
canal circumference to the circumference of the best-fit ellipse estimation (HCR) than
the equivalent metric of the secondary osteons (SOR). The loadings of the Haversian
canals were expected to be similar to those of the secondary osteons because they are
related, nested microstructures that form in the same remodeling process.
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Figure 5.25: The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of secondary osteons. Principal component 1 is
graphed on the x-axis and principal component 2 on the y-axis.
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Figure 5.26: The loadings plots for PCA of the Primary Dataset using only
microstructural metrics of the Haversian canals. Before removal of 6 outliers (A)
and after the removal of 6 outliers (B).
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Unlike the scores plot from Run 1A on the secondary osteons, the initial scores plot
for the Haversian canals (Figure 5.27) showed a tight grouping of points about the
origin and only a few outliers on the graph. The outliers were dictating a lot of the
variance in the sample, thus decreasing the resolution among the other data points
to lack resolution on the graph. Six outliers were removed to gain resolution among
the other data points. The outliers removed represent six Haversian canals measured
from bear micrographs 24 (1.9628, -56.72), 32 (-0.915, -28.3), and 07 (-0.721, -23.27),
raccoon micrograph 11 (33.991, 5.33847), and beaver micrographs 22 (26.973, 4.318)
and 23 (27.729, 4.813). A “before” and “after” comparison of the datapoints in
Figure 5.27 A,B reveals the difference in point-cloud resolution and the large amount
of the variance attributed to the six datapoints. The eigenvalues change slightly after
removal of the six datapoints, the result being three principal components explaining
87% of the data (Figure 5.24). The influence of each variable also changed slightly as a
result of outlier removal. The new loadings plot (Figure 5.26 B) shows Haversian canal
size metrics to be anti-correlated with HCR along PC1, instead of HCR accounting
for most of the variance along PC2 . The longitudinal orientation metric explains
most of the variance along PC2. The variables HCLong and HCMMR are now shown
to track with each other, similar to the loadings of the secondary osteons described
above. Although HCPeri shifted slightly from the origin, it still contributes the least
to explaining the variance in the samples.

Primary Lacunae: 1C
The PCA of the Primary Lacunae (Run 1C) resulted in two principal components
explaining 90% of the variance in the dataset (Figure 5.24). The loadings plot (Figure 5.28 B) shows that PC1 can be explained by the size of the primary lacunae.
The actual measurements of the primary lacunae track with the best-fit ellipse measurements. The metric PLR, however, is anti-correlated with the size measurements
along PC1. There are no variables close to PC2 (coordinates [0, Y-value]). However,
metrics PLMMR and PLMin show covariance between PC1 and PC2. The shape
of lacunae, discussed in detail in Chapter 3, is ellipsoidal with different lengths and
ratios of major and minor axes. The influence of PLMMR on the variance in the primary lacunar dataset is an indication that the ratio of the major and minor lacunar
axes may be specific to taxon. The scores plot (Figure 5.28 A) shows reasonably good
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Figure 5.27: The scores plots for PCA of the Primary Dataset using only
microstructural metrics of the Haversian canals (A) Before removal of 6 outliers and
(B) after the removal of 6 outliers.
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grouping of taxon samples. The primary lacunar samples from the bobcat, bear, and
beaver form individual, tight groups in comparison with other taxa, such as the rhesus
monkey and raccoon. The lemur, even though the samples are not tightly grouped,
shows a diagonal trend between PC1 and PC2. This distribution suggests that, in
the lemur, there is covariance between PC1 and PC2, but there is also variation in
primary lacunar measurements depending on the portion of the cross-section from
which they were measured.

Secondary Lacunae: 1D
The PCA of the secondary lacunae (Run 1D) resulted in two principal components
explaining 90% of the variance in the dataset (Figure 5.24). The loading plot for
the secondary lacunae (Figure 5.29 B) is essentially identical to the loadings for the
primary lacunae (Figure 5.28 B) . This result is not surprising, because the function
and biology of the structures are the same. The main difference is that secondary
lacunae are formed during bone remodeling and primary lacunae are formed during
initial bone formation. The scores plot (Figure 5.29 A) shows a configuration of
samples similar to that of the scores plot for the primary lacunae. Secondary lacunar
samples from the bobcat and bear are tightly grouped. The lemur does not show as
much sample spread as in the primary lacunae, whereas the rhesus monkey shows a
greater amount of sample spread. The variance in the lemur is explained mostly by
SLMMR.

Primary Vasculature: 1E
The PCA of the primary vasculature (Run1E) resulted in three principal components
explaining 81% of the variance in the dataset (Figure 5.24). The loadings plot (Figure
5.30 B) shows that the variance in PC1 can be explained by the size of the primary
vasculature. Compared to the other microstructural types, the size measurements of
the actual primary vascular canals do not track as tightly with the best-fit ellipse
measurements. The area of the primary vasculature bounding ellipse (PVAEllipse)
is different from that of the actual shape (PVA), both showing covariance between
PC1 and PC2. Different values for the measurements of the actual shapes compared
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Figure 5.28: The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of primary lacunae. Principal component 1 is
graphed on the x-axis and principal component 2 on the y-axis
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Figure 5.29: The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of secondary lacunae. Principal component 1 is
graphed on the x-axis and principal component 2 on the y-axis
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to those of the best-fit ellipse suggest that the shapes of primary vascular canals
deviate from an elliptical shape (see Figure 5.23). The longitudinal orientation of the
primary vascular canals (PVLong) and the ratio of the minimum and maximum axis
lengths (PVMMR) show covariance between PC1 and PC2. Most of the variance on
PC2 is explained by the ratio of the actual primary vascular circumference to the
circumference of the best-fit ellipse. The distance from the centroid of each primary
vascular canal to the centroid of its closest neighbor (PVCentroid) and the orientation
of the primary vascular with respect to the periosteal surface (PVPeri) explain the
least amount of variance in the dataset. The scores plot (Figure 5.30 A) does not
show much separation of taxa. Primary vascular samples from the beaver are grouped
most closely.

Summary: Run 1
In summary, each PCA in Run 1 (A-E) shows that the size of the microstructural features explains the most variance in PC1 in all of the microstructural types. The shape
and longitudinal orientation explain most of the variance on PC2. Microstructural
orientation with respect to the periosteal surface (Peri) did not explain much of the
variance in the samples. The results of the five principal component analyses in Run
1 suggest that taxa cannot be differentiated effectively on the basis of the combined
size, shape, and orientation characteristics of a single type of microstructure.

5.4.2

Run 2

As discussed above, PCA Run 2 uses averaged values of each metric per micrograph
as “samples” (Tier III in dataset hierarchy). Therefore, each micrograph is considered
as one sample, rather than individual microstructural units as in Run 1. The results
from the PCAs of Run 1 suggested that taxa could not be differentiated on the basis
of size, shape, and orientation of a single type of bone microstructure. PCA of Run 2
explores the taxonomic differentiation of the Primary Dataset further by combining
all metrics from the five microstructural types (secondary osteons, Haversian canals,
primary lacunae, secondary lacunae, and primary vasculature). By using the averaged
values for each microstructural measurement from each micrograph, the PCA of Run
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Figure 5.30: The scores (A) and loadings (B) plots for PCA of the Primary Dataset
using only microstructural metrics of primary vascular canals. Principal component
1 is graphed on the x-axis and principal component 2 on the y-axis
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2 provided a means to explore 1) the ability of this method to separate taxa and 2)
the variance within each bone cross-section.
Prior to PCA of Run 2, Capuchin monkey micrograph 03 was removed from the
analysis because this micrograph had the greatest number of missing metric values
compared to other micrographs in the dataset. The Kaiser-Guttman rule suggests
the retention of 10 principal components for Run 2 (Figure 5.31 (A)), explaining 88%
of the variance in the dataset. Considering the large number of variables, i.e. 51 bone
microstructural metrics, capturing this degree of variance in the first 10 components
is good. However, a scree plot of the eigenvalues shows the “elbow” of the slope at
principal component 4 (Figure 5.31 (B)). According to the Cattell’s Scree Test, three
principal components should be retained for Run 2. The difference in the number
of principal components per the Kaiser-Guttman rule and the Cattell Scree Test is
large. Per the definition of PCA, the first three principal components account for
the majority of the variance in the data, approximately 62%. The variance that
is explained for each of the principal components after PC3 is small, indicated by
r2 values of less than 7% each for PC4 through PC15. For Run 2, therefore, PC1
through PC3 are retained as indicated by the Cattell Scree Test.
The PCA of Run 2 resulted in three principal components explaining 62% of variance
in the dataset (Figure 5.31). The plot of the P values for PC1 and PC2 is more
complex than for Run 1. As shown in Figure 5.32, the least amount of variance in PC1
and PC2 is explained by the orientation of the major axis with respect to the periosteal
surface in the primary vascular canals (PVPeri), secondary osteons (SOPeri), and
Haversian canals (HCPeri). All other metrics show more explanatory power. The
variance along PC1 can be best explained by the size metrics of the primary lacunae
and secondary lacunae (Figure 5.33), size metrics of the Haversian canals (Figure
5.34), and the ratio of the shape circumference to best-fit ellipse circumference of
the Haversian canals (HCR), primary lacunae (PLR), and secondary lacunae (SLR)
(Figure 5.35). The variance along PC2 is best explained by the ratio of the actual
shape circumference of the primary vasculature to the best-fit ellipse circumference
(PVR) (Figure 5.36), size metrics of the secondary osteons, and size metrics of the
primary vasculature (Figure 5.37). The variance in PC3 (not shown) is explained by
the longitudinal orientations of the secondary osteons (SOLong) and the Haversian
canals (HCLong).
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Figure 5.31: A table (A) and plot (B) of the eigenvalues for Run 2 of the Primary
Dataset. The red star represents the cut-off for the valid eigenvalues as determined
by the Kaiser-Guttman criterion. The red arrow is the eigenvalue cut-off using the
Cattell Scree Test.
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Figure 5.32: The loadings plot for Run 2 of the Primary Dataset, showing an
enlarged view of the variables that explain the least amount of variance in the
PC1-PC2 plane.
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Figure 5.33: The loadings plot for Run 2 of the Primary Dataset, showing an
enlarged view of the variables that explain a large amount of variance along positive
principal component 1. There is a small amount of covariance with positive PC2.
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Figure 5.34: The loadings plot for Run 2 of the Primary Dataset, showing an
enlarged view of the variables that explain a large amount of variance along positive
principal component 1. There is a small amount of covariance with negative PC2.
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Figure 5.35: The loadings plot for Run 2 of the Primary Dataset, showing an
enlarged view of the variables that explain a large amount of variance along
negative principal component 1.
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Figure 5.36: The loadings plot for Run 2 of the Primary Dataset, showing an
enlarged view of the variable that explains a large amount of variance along positive
principal component 2.
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Figure 5.37: The loadings plot for Run 2 of the Primary Dataset, showing an
enlarged view of the variable that explains a large amount of variance along
negative principal component 2.
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The scores plot (Figure 5.38) from Run 2 shows that 1) the micrographs from each
taxon generally group together and 2) the taxa separate to some degree according
to taxon. There are two distinct groupings of taxa along PC1 (X-axis) and PC2
(Y-Axis).

Figure 5.38: The scores plot for Run2 of the Primary Dataset showing clustering and
separation of data points (each representing one micrograph) according to taxon.
The two groupings of taxa are most clearly distinguished in the PC1-PC2 (X-Y) plane
when viewed orthogonally along the positive and negative Z-axis (PC3). Orthogonal
views down the positive and negative Z-axis are shown in Figure 5.39 and Figure 5.40,
respectively. Group 1 contains samples from the bobcat, lemur, and hare. Group 2
contains samples from the coyote, bear, opossum, raccoon, beaver, capuchin and
groundhog. The rhesus monkey shows samples that occur in both groups. Although
the samples from each taxon are generally grouped together, there is some overlap
of samples from different taxa in each of the two groups. It is highly likely, however,
that the taxa in Group 1 would be distinguished from those in Group 2.
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PCA of Run 2 suggests that taxa may be distinguished from each other to a certain
degree on the basis of the size, shape, and orientation of microstructural features.
Additional statistical treatment of these data is presented in Chapter 6 in order to
evaluate the significance in the variance and clustering shown by PCA.

5.4.3

Run 3

The principal component analysis of Run 3 uses the averaged value for each metric
(Tier IV in dataset hierarchy) per cross-section. Therefore, each taxon is considered
as one sample, rather than each micrograph in Run 2, or each individual microstructural unit, as in Run 1. The results from the PCA of Run 2 suggest that taxa could
be differentiated on the combined basis of the size, shape, and orientation of the five
types of bone microstructures measured for these analyses. PCA of Run 3 explores
the Primary Dataset to gain information on 1) where the taxa lie in microstructurevariable space relative to one another and 2) whether there is any obvious phenotypic
(megascopic), general locomotive, and/or phylogenetic pattern to where the 11 mammals lie in space relative to one another and to the component axes.
The Cattell Scree Test and the Kaiser-Guttman test both supported the retention
of three principal components (Figure 5.41), explaining 77% of the variance in the
dataset.
The loadings of PC1 are similar to those from Run 2, as shown in Figures 5.42 and
5.43. However, the variables explaining the variance on PC2 are different from those
of Run 2. Explaining the greatest amount of variance on positive values of PC2 in Run
3 is the ratio of the circumference of the primary vascular canal to the circumference
of the Haversian canal (PVHCR) (Figure 5.44). As seen in Figure 5.45, the ratio
of the major to the minor axes of the primary lacunae (PLMMR) and the ratio of
the major to the minor axes of the secondary lacunae (SLMMR) explain the largest
amount of the variance along the negative values of PC2 and are anti-correlated with
PVHCR on PC2. As seen in Figure 5.46, there is also a large amount of covariance
in the size and orientation variables of the Haversian canals between PC1 and PC2.
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Figure 5.39: Orthogonal views of the Primary Dataset in Run 2 looking at the X-Y
plane down the positive Z-axis (A), the X-Z plane down the positive Y-axis (B), and
the Y-Z plane down the positive X-axis (C).
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Figure 5.40: Orthogonal views of the Primary Dataset in Run 2 looking at the X-Y
plane down the negative Z-axis (A), the Y-Z plane down the negativeY-axis (B),
and the X-Z plane down the negative X-axis (C).
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Figure 5.41: A table (A) and plot (B) of the eigenvalues for Run 3 of the Primary
Dataset. The red star represents the cut-off for the valid eigenvalues as determined
by the Kaiser-Guttman criterion. The red arrow is the eignvalue cut-off using the
Cattell Scree Test.
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Figure 5.42: The loadings plot for Run 3 of the Primary Dataset, showing an
enlarged view of the variables that explain the greatest amount of variance along
positive principal component 1.
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Figure 5.43: The loadings plot for Run 3 of the Primary Dataset, showing an
enlarged view of the variables that explain the greatest amount of variance along
negative principal component 1.
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Figure 5.44: The loadings plot for Run 3 of the Primary Dataset, showing an
enlarged view of the variable that explains the greatest amount of variance along
positive principal component 2.
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Figure 5.45: The loadings plot for Run 3 of the Primary Dataset, showing an
enlarged view of the variable that explains the greatest amount of variance along
negative principal component 2.
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Figure 5.46: The loadings plot for Run 3 of the Primary Dataset highlighting the
variables that explain the greatest amount of the variance along positive principal
component 1. There is a small amount of covariance with negative PC2.
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The second goal of Run 3 was to find out whether microstructural morphology differed
according to any phylogenetic, locomotive, or other obvious phenotypic character of
the specimens in the Primary Dataset. Although the Primary Dataset does not have
multiple specimens of any taxon, the dataset is populated with four specimens from
the Carnivora (bear, bobcat, raccoon, coyote) and three specimens from the Primates
(rhesus, capuchin, and lemur). The scores plot of Run 3, represented in a perspective
view in Figure 5.47, shows that the points representing the specimens from each of
those two groups do not cluster together.

Figure 5.47: The scores plot for Run 3, where each sample is one taxon, of the
Primary Dataset showing the separation of the taxa in 3D space.
However, when the X-Y (PC1-PC2) plane is viewed from the orthogonal Z-axis (PC3)
(Figure 5.48, red dotted line), all of the Primates are oriented along a diagonal line.
A comparison of the distribution of the Primate datapoints in the scores plot with
the loadings plot (Figure 5.45) suggests that the most of the variance in those taxa
can be explained by variables along PC1 and, to some extent, the size and shape
of the secondary osteons. In the PC1-PC2 (X-Y) plane, the points representing the
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bear, raccoon, and coyote also lie along a diagonal line (Figure 5.48, blue dotted
line), but one that is perpendicular to that defined by the Primate datapoints. The
three Carnivora taxa are also distributed along a diagonal line in the PC1-PC3 and
PC2-PC3 planes. The loading plots (Figure 5.44 and Figure 5.45) suggest that the
distribution of the Carnivora data points in the PC1-PC2 plane can be explained by
the variables along PC2 (PVHCR, PLMMR, and SLMMR). In the PC1-PC3 plane,
the variables that explain the variance in the aligned Carnivora points are along
PC3 (PVHCR, PLMMR, SLMMR, and CT). In the PC2-PC3 plane of the scores
plot, the variables that explain the variance in the three Carnivora specimens are
also along PC3. In this plane, the variables relate to the size and shape of the
primary and secondary lacunae. Note that the bobcat plots far from the diagonal
line representing the other Carnivora specimens. Other than the tentative grouping
according to taxonomic order, described above, the point distribution does not seem to
correlate with other megascopic biological signals. The lack of biological explanation
for taxa separation is not problematic. As discussed in the last section of Chapter 1,
the purpose of the development and testing of this method is to identify the animals by
their bone microstructure (the equivalent of identifying people by their fingerprints),
not to reconstruct a phylogenetic history.
This configuration of data, i.e., taking an average value of each microstructural metric
over an entire cross-section, will be the approach to datasets developed in future
analyses. Further testing of the methodology presented in this dissertation requires
more than one specimen of each taxon to populate the dataset. Unfortunately, the
acquisition of multiple samples of each taxon in order to test the method here was
impossible. This lack prohibits a test of whether the microstructural values from two
specimens of the same taxon would plot in similar space. More than one specimen of
each taxon is needed in order to build a dataset in which samples of “known”, and
eventually “unknown”, taxonomic origin can be tested.
A training model of the Primary Dataset, i.e, a synthetic analogue to the situation
in which multiple samples of the same taxon are compared, is presented in the next
section using the information in Run 3. The training model is tested against the
metric values from individual micrographs (the test set) in order (1) to explore the
robustness of the results showing the separation of taxa in Run 2 (i.e., individual
micrographs properly reassigned to their respective taxon based on the model) and
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Figure 5.48: Orthogonal views of the Primary Dataset in Run 3 looking at the X-Y
plane down the negative Z-axis (A), the X-Z plane down the negative Y-axis (B),
and the Y-Z plane down the negative X-axis (C). The red dotted-line represents the
diagonal distribution of the Primates in PC space, and the blue-dotted line likewise
connects the Carnivora bear, coyote, and raccoon along a differently oriented
diagonal line.

191

(2) to establish a base method for taxonomic comparison of specimens (both “known”
and “unknown samples”) in future datasets.
Based on the scores plot of Run 3, several predictions can be made regarding the
outcome of the training model as individual micrographs are tested for reassignment
to their respective taxon. There are two main situations that will contribute to the
ability of the model to predict to which taxon each micrograph belongs. (1) The
closer the variance in a single micrograph is to the average variance in the crosssection [model], the more likely it is that the micrograph will be reassigned to the
taxon of origin. (2) The more separation a taxon has from all other taxa in space,
the more likely the micrographs from that taxon will be reassigned correctly. For
example, in vector space, the bobcat lies farthest from the bear, beaver, opossum,
and hare. Based on that information, a prediction can be made that the bobcat
micrographs will not be incorrectly reassigned to those other animals. Likewise, it
could be predicted that the micrographs of the rhesus monkey may be reassigned
incorrectly to the raccoon, capuchin monkey, bear, or coyote because of the close
proximity of those points to the rhesus point.

5.5

Soft Independent Modeling of Class Analogy

Soft Independent Modeling of Class Analogy (SIMCA) is a classification approach
used to identify local models in a dataset and to predict probable class membership,
which enables identification of new observations/measurements (Wold, 1976). For
high-dimensional data (such as the datasets used in this dissertation), local models
are created through principal component analysis of each defined class (taxon) in the
dataset. This differs from other classification approaches, such as Canonical Variates Analysis (CVA), that combine all of the data into a single principal component
analysis of the whole dataset. In SIMCA, each local model occupies its own principal components space. As in all PCA, the analysis of each class retains a certain
number of principal components that explain most of the variation within the class.
Cross-validation of the PCA model of the class ensures that the model has minimum
prediction error and ensures a high signal-to-noise ratio.
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After the creation of local class models, new observations or new types of measurements can be introduced into the dataset to facilitate classification. Classification
is based on the best-fit (distance) of a new observation to a respective local model.
The distance from the new sample to the established local models is determined by
two measurements, (1) the Euclidian distance (ei ) from the sample to the model in
the variable space, and (2) the Mahalanobis distance (hi ) between the sample and
model in principal component space (Davies and Fearn, 2008) (Figure 5.49). The
Mahalanobis distance differs from the Euclidean distance by taking into account correlations in the dataset; it is not related to a scale of measurement (but it is a scalar
value). Mahalanobis distances are commonly used in statistical analyses to determine
the similarity of an unknown sample to a set of known samples. They are calculated
as the distance from a new sample to the local model centroid. New “unknown”
samples that are similar to the samples represented by the local model will map near
to that model’s principal component space.

Figure 5.49: The open red circle represents a test sample. The Euclidean distances
from the test sample to the two models PC1 (1) and PC1 (2) are ei (1) and ei (2),
respectively. The Mahalanobis distance from the test sample to PC1 (1) is hi (1).
The results of a SIMCA analysis can be assessed by a “Coomans’ Plot” and a “Membership Plot”. The Coomans’ Plot compares the Euclidean distances between the
new samples and the local models. Because SIMCA uses different principal component models for each class, the Euclidian distances between the new samples and
193

the local models cannot be viewed in one plot. Instead, Coomans’ Plots allow for
pairwise comparisons. For comprehensive results, all possible pairs must be taken
into account. The Membership plots give the results for the Mahalanobis distances
between new (test) samples and local models. One membership plot is created for
each local model; it displays the distances of all of the new (test) samples from one
local class model’s centroid.
The variance that describes the signal in the class model is called the modeled variance, whereas the variance that is not accounted for in the model is called the residual
variance. It is possible to get a measure of similarity between a test sample and the
local class by comparing the average residual variance of the class with that of the
unknown sample. This comparison can be used to fit the unknown test sample with a
local class model. SIMCA analysis will only assign a new sample to a class for which
the new sample has a high probability of belonging, meaning that unknown samples
are not forced into one of the local models in the dataset. If the residual variance
of the unknown sample is greater than the maximum residual variance in every local
model, the unknown sample will remain unassigned. It is possible that an unassigned
sample could be an outlier of one of the classes or that it may not belong to any of
the classes in the dataset.
There is no limit to the number of measurement variables that can be used in SIMCA;
the dimensionality is reduced in PCA. However, the minimum number of observations
for which SIMCA will give good results is 10 samples per class. In the absence of multiple specimens of each taxon in the Primary Dataset of this dissertation, the SIMCA
approach implemented here uses the multiple micrographs of each cross-section to
create “training” and “test” sets. SIMCA is used (1) to explore local models that
characterize the cross-sections of each taxon in the Primary Dataset (e.g., “bobcatness” and “bear-ness”), (2) to predict whether micrographs of “known” taxonomic
origin can be reassigned to the correct taxonomic model, and (3) to establish a procedure for treatment of future datasets that have more than one sample of each taxon.
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5.5.1

Data organization

For SIMCA, the Primary Dataset is organized identically to that in PCA Run 2
(Figure 5.21). There needs to be a set of samples designated/treated as a “training
set” and a set of samples that makes up a “test set”. There are no unknown samples of
taxonomic affinity in the Primary Dataset. In order to test the local models (training
sets), one “known” sample (i.e., micrograph) was removed from each taxon’s dataset
to make up the “test set”. The sample removed was chosen using a random number
generator (www.random.org) based on atmospheric noise. The remaining samples
from each taxon comprised the “training set.” The test set samples were removed
before the PCA was done and before the local model was determined for each taxon.
In other words, the test samples were not included in the principal component analysis
used to create each local class model. The software package Evince was also used to
facilitate the SIMCA.

5.5.2

Results: PCA by class

Several iterations of SIMCA were explored for the Primary Dataset. Because there is a
minimum number of 10 samples per class in SIMCA, the capuchin monkey, groundhog,
hare, and opossum data were removed from the dataset. The hare originally had 10
micrographs, but one would have to be removed for the test set, thus bringing the
total to just under the SIMCA threshold. Modeling and testing of the remaining taxa
revealed that taxa consisting of less than 20 samples were unreliable in creating a local
model that would allow a test sample to be reassigned to the correct taxon. Based
on this, the lemur, raccoon, and rhesus monkey were removed from the analysis.
The beaver (19 samples) was included in the final SIMCA analysis because of the
higher sample count relative to the other taxa that were removed. The final SIMCA
treatment/analysis consisted of micrograph samples from the bear, bobcat, coyote,
and beaver.
The micrographs chosen at random to comprise the test set were bear 21, bobcat 15,
beaver 7, and coyote 9. The principal component models of the training set included
three principal components for each taxon. Results of the principal component analyses explore the variables that explain most of the variance in the micrograph samples
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of each tibial cross-section. PCA of the bear (with micrograph 21 removed) resulted
in three principal components that accounted for 61% of the variance in the tibial
cross-section (Figure 5.50).
The loadings plot in Figure 5.51 shows that the variance on PC1 can be explained
by size of the secondary osteons and Haversian canals, as well as by the ratio of the
actual primary vasculature circumference to the circumference of the Haversian canals
(PVHCR) and the minimum axis length of the primary vascular canals (PVMin). The
variance in PC2 of the bear is best explained by the size of the primary lacunae and the
ratio of the circumference of the primary lacunae to the secondary lacunae (PLSLR).
Variables explaining the least amount of variance in the local datatset are PVMMR,
SLR, and SOPeri, which sit close to the graphical origin. These variables that do not
explain much of the variance in a taxon are extremely important to SIMCA, as they
make up the residual variance of each local model. By taking into account the residual
variance, SIMCA can classify known and unknown samples, as described above.
Principal component analysis of the bobcat (with micrograph 15 removed) included
three principal components explaining 68% of the variance in the cross-section (Figure
5.50). The variables that explain most of the variance on PC1 (Figure LoadingsSIMCA-bobcat)are all related to the size, shape, and orientation of the primary
vasculature, PVR, and PVHCR (Figure 5.52). The loadings plot of PC2 shows that
PLSLR, CT, PLMMR, and the size metrics of the secondary osteons explain most of
the variance along the PC2 axis. Explaining the least amount of the variance are the
variables SOR and SOMMR.
Three principal components were also retained for the beaver (with micrograph 7
removed), which explained 69% of the variance in the tibial cross-section (Figure
5.50). The loadings plot shows a large amount of covariance between the variables
in PC1 and PC2 (Figure 5.53). However, explaining most of the variance on PC1 is
the size of the secondary osteons, the size of the primary vasculature, PVHCR, and
HCR. The variables that explain most of the variance along PC2 are those associated
with the size of the secondary lacunae and, along the negative PC2, the longitudinal
orientation of the primary vasculature. Explaining the least amount of variance in
the sample are CT and PVCentroid.
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Figure 5.50: Eigenvalues and the variance (r2 ) explained by each local taxon model
in SIMCA analysis.
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Figure 5.51: The loadings plot for the Bear local model in SIMCA analysis.
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Figure 5.52: The loadings plot for the Bobcat local model in SIMCA analysis.
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Figure 5.53: The loadings plot for the Beaver local model in SIMCA analysis.
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The three principal components of the coyote (with micrograph 9 removed) explained
71% of the variance in the tibial cross-section (Figure 5.50). The variables of the
coyote also show a large amount of covariance between PC1 and PC2. Most of the
variance along PC1 (Figure 5.54) can be explained by the variables relating to the
size of the secondary osteons, HCLong, SOR, PVHCR, and PVMin. The variables
that show covariance in the all-positive PC1-PC2 quadrant are those that are related
to the size of primary lacunae and the size of the Haversian canal. Variables that
show covariance in the positive PC1 and negative PC2 quadrant are those related
to the size of the secondary lacunae. Explaining the least amount of variance in the
cross-section, and thus of most importance to this part of the study, are PVCentroid,
PVPeri, PVR, and PLR.

5.5.3

Results: SIMCA

The test set, consisting of one micrograph chosen at random from each taxon (bear,
beaver, bobcat, coyote), was tested against the training set (local models of each
taxon) with 100% success. Each test micrograph was reassigned to the correct taxon.
The Coomans’ Plots in Figure 5.55 and Figure 5.56 show each possible pair of classes
(taxa) in the dataset and the relationship of the Euclidean distances of each test
sample. If the test sample is within a critical value (distance) of a class, then it is
assigned to that class (horizontal and vertical red lines). For example, in the top plot
of Figure 5.56, in which the “beaverness” plots on the Y-axis and the “bobcatness”
plots along the X-axis, the blue test point has a value of approximately 0.3 Y-units
less than the critical value for the beaver (1.49 units). This makes it match to the
beaver class. Likewise, the yellow point is approximately 0.4 X-units less than the
critical value for the bobcat (1.56), also making it a match.
If there were test samples that could not be classified, they would appear as red
dots in the upper right corner of the plot. Dots are colored by their predicted class
membership and they are labeled by their actual class membership. Because an
“unclassified” sample will be colored red, the color of the coyote was changed to
magenta for SIMCA. All other taxon colors are consistent with previous sections of
this chapter. In this iteration of SIMCA, the predicted and actual class membership
matches correctly. The membership plots in Figure 5.57 show that the test sample
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Figure 5.54: The loadings plot for the Coyote local model in SIMCA analysis.
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Figure 5.55: A series of Coomans’ plots showing pairwise comparisons between taxa
and the critical values associated with the local model of each taxon (red lines).
The colors of the points refer to the SIMCA-predicted taxon and the labels refer to
the actual taxonomic origin of the datapoint. Additional pairwaise plots are found
in Figure 5.56.
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Figure 5.56: A series of Coomans’ plots showing pairwise comparisons between taxa
and the critical values associated with the local model of each taxon (red lines).
The colors of the points refer to the SIMCA-predicted taxon and the labels refer to
the actual taxonomic origin of the datapoint. Additional pairwaise plots are found
in Figure 5.55.
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with the shortest Mahalanobis distance to the centroid of the local taxon model is
assigned to that class.
The reassignment to the correct taxa of the randomly chosen samples in the test
set is a promising outcome. This result suggests that the variation in microstructural morphology within a single bone cross-section is small enough that a single
sample (micrograph) from that cross-section can still be recognized as having the
microstructural fingerprint of a “bobcat”, “bear”, “coyote”, or “beaver”. The results
also suggest that the variance between the taxa is large enough that the taxa can be
separated.
Unfortunately, many of the taxa in the Primary Dataset could not undergo SIMCA
analysis due to their low number of samples (micrographs). However, it is interesting
to compare the outcome of this four-taxon SIMCA analysis with the results from
PCA Run 2 on the whole Primary Dataset. The scores plot of Run 2 (Figure 5.38)
shows clustering of samples according to taxon as well as two, larger-scale clusters
of taxa, Group 1 and Group 2. Group 1 contained the bobcat, hare, and lemur,
whereas Group 2 contained the coyote, bear, opossum, raccoon, beaver, capuchin
and groundhog . The rhesus monkey has samples that overlapped with both groups.
Based on the scores from Run 2, one might predict that bobcat samples (Group 1)
could be distinguished from those of the bear (Group 2), because the centroids are
farther apart in space between Groups 1 and 2 than within groups. SIMCA analysis
confirms the ease of the bear-bobcat differentiation. The successful classification
via SIMCA analysis of the bear, coyote, and beaver test samples was unexpected.
However, a closer look at the sample points in Figure 5.39 (A,B) show that the data
fields for the bear, bobcat, and beaver are closely adjacent to one another, but do
not overlap much. Because of this, the SIMCA local models (and centroids) of each
taxon were unique, and allowed the successful reassignment of test samples. The
Mahalanobis distances of each taxon from one other shown in Figure 5.57 indicate
that the centroids of the local models of the bear, beaver, and coyote are closer in
space than that of the local model of the bobcat to each of those taxa.
The first test set chosen at random represents only one such test of the ability of the
local taxon models to reassign samples to their respective taxon. What if the above
samples chosen at random were the only samples that could be properly reclassified?
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Figure 5.57: The membership plots for each taxon in the SIMCA analysis show the
Mahalanobis distances to each local model (labeled on x-axis) represented. For a
test sample to be assigned to a taxon, it must have the shortest Mahalanobis
distance to that taxon.
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If each sample were removed in a “leave-one-out” type of analysis, would each be
reassigned correctly? How many samples can be removed from the training set before
the local models become unable to predict the class membership of the test samples?
Answering these questions is not trivial, especially considering the number of possible
sample combinations in the bear/bobcat/beaver/coyote dataset. The bobcat was used
as a case study to further test the robustness of the method and as an attempt to
address the questions above. In this case study, the samples of the bear, beaver, and
coyote included in the test set remained the same as those used above and stayed
constant throughout the bobcat test. Further testing of the bobcat samples showed
that Sample 15 was not the only sample that could be reassigned correctly to the local
model. Determining the number of samples that could be reassigned correctly was
accomplished by reinserting Sample 15 into the training set, removing another sample,
recalculating the local model, and testing the newly removed sample for reassignment.
This procedure was repeated for all 21 bobcat samples. All samples were classified
correctly to the bobcat except for bobcat Samples 3, 12, 16, and 21. Rather than
being assigned to the bear, beaver, or coyote, those samples were labeled as “not
classified”. This means that the residual variance in those bobcat samples exceeded
the residual variance for all other local models. Inspection of the input data matrix
revealed that bobcat Samples 3, 12, and 21 were lacking in all measurement values
for the primary vasculature. Visual inspection of the micrographs confirmed that
there were no primary vascular canals. Most of the variance in principal component
1 of the bobcat, however, can be explained by the size and shape of the primary
vascular canals. Whereas bobcat Sample 16 does show measured primary vascular
canals, the shape, size, and orientation of these features are very different (long,
thin, radial orientation) from those of other primary canals in other parts of the
cross-section (generally short with a variable orientation). The results here indicate
that the missing PV values contributed to the non-classification of three samples and
further suggest that treatment of missing metrics could be very important in future
microstructural datasets. The non-classification of Sample 16 may have been simply
due to the difference in the size, shape and orientation of the primary canals compared
to the same structures in other micrographs. These data must be included in order
to fully characterize the microstructural morphology of the bobcat and cannot be
further “dealt with”, such as by removal from the dataset.
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The final evaluation of the bobcat case study was aimed at determining how many
bobcat samples could be removed before collapse of the local model (the point at
which too little information about the “bobcat-ness” of the cross-section was present
by which to classify test samples). Beginning with Sample 15 as the test set, another
sample was added sequentially to the test set after each SIMCA analysis. Each time
a sample was added to the test set, the local model was recalculated. No samples
were reinserted into the local class model after they had been removed. A total of
12 samples were transferred from the local model of the bobcat (training set) to
the test set before the model could not classify some of the samples in the test set
(Figure 5.58). This success with down to 9 samples in the training set confirms the
stated requirement of the SIMCA analysis for at least ten samples of each class in
the training set. The results of the enhanced bobcat analysis suggest that (1) given
9 or 10 samples/micrographs of the size treated here, the over-all characterization
of bobcat microstructure is similar regardless of location in the cross-section from
which the microstructures are measured, (2) it may have been possible to mark and
measure a smaller number of microstructures of each type to get the same result,
and (3) the methodology is robust in capturing the microstructural characteristics of
different taxa.

5.6

Conclusions

Many conclusions can be drawn from the results of the principal component analyses and SIMCA modeling of the Primary Dataset. However, most germane to this
dissertation is whether taxa can be separated/distinguished on the basis of bone
microstructural morphology. The results of this chapter show that tetrapods can
be distinguished taxonomically based on the quantitative measurement of the size,
shape, and orientation of their bone microstructures. In addition, the results of PCA
and SIMCA suggest that the variance of the microstructures within one cross-section
is less that the variance between taxa, that the variables that explain the microstructural variance differ among the taxa, and that assurance of no missing metric values
is very important to the correct characterization of the overall bone microstructure
of a taxon.
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Figure 5.58: A Coomans’ plot showing the twelve test samples that were assigned
correctly to the bobcat local model whose training set had been depleted to only
nine samples.
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Chapter 6
Multiple Discriminant Analysis
and Significance Tests of the
Primary Dataset

6.1

Introduction

Whereas the main goal of the overall project is to differentiate taxa based on the
morphology of bone microstructure, this dissertation represents an exploratory stage
of the project. Chapter 5 presented detailed principals component analyses (PCA)
and a Soft Independent Modeling of Class Analogy (SIMCA) analysis of the Primary
Dataset. The results suggested that (1) taxa can be distinguished on the basis of
the size, shape, and orientation of cortical bone microstructures, (2) taxonomic separation is the result of a combination of measurements from different microstructural
types, and (3) the variance of microstructural morphology was greater between taxa
than it was within one bone cross-section. In the present chapter, confidence in the
discrimination between taxa undergoes its final test through Multiple Discriminant
Analysis (MDA) of the PCA scores.
Multiple discriminant analysis (alternatively called discriminant function analysis,
discriminant factor analysis, or canonical discriminant analysis) is an extension of
discriminant analysis (DA), in that it is able to accommodate more than two categorical dependent variables. The main purpose of MDA is to classify cases into groups, to
investigate the differences between groups, to determine the most parsimonious way
to distinguish between groups, and to access the relative importance of independent
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variables in classifying the dependent variables. A good review of MDA can be found
in Huberty (1994). Multiple discriminant analysis is used here to test the significance
of the PCA results presented in Chapter 5. The PCA-MDA combination is found
throughout the literature (Park et al., 2006; Sirieix and Downey, 1993) and is used,
in part, to test the validity of data point configuration (in this case, clustering and
separation of taxa) as a result of PCA. There are no significance values assigned to
PCA results, which can lead to over-interpretation of the results. Principal components analysis will always provide an amount of variance that is explained by the
variables in the dataset, the loadings values that explain the variance, and the scores
values that show where the points lie in vector space. Depending on the question to be
answered, however, the way that data points are situated in space can be misleading.
As an example, it is good to review Run 3 of Chapter 5 (Figure 5.47). Each point
in the scores plots represents a single taxon. From the scores plot, it seems that the
taxa are widely separated in space. This situation would make identification of an
“unknown” sample seem easy. It also gives the impression that the bone microstructural morphologies are unique to each specimen. Because the results are in line with
the hypothesis of this dissertation, they are very alluring. However, PCA will always
show separation of data points in the scores plot. What is important and what is
being validated here is whether that data point separation is “significant” and if the
results support the hypothesis of taxonomic separation due to bone microstructural
morphology.
Significance testing of the principal components can be performed through multiple
discriminant analysis, using the scores values for each component. The values of the
scores represent the product of each observed variable and the j th principal component’s eigenvector. Therefore, scores can be used either as (1) measures of latent
variables in statistical analysis, used to identify factors that explain their variability
(as dependent variables) or (2) measures of factors that act as explanatory (independent) variables. In this chapter, the principal component scores are treated as the
latter. A series of multiple discriminant analyses is performed using the principal
component scores to test the significance of the data compression arising from PCA
of the Primary Dataset.
The organization of this chapter is similar to that of Chapter 5. Multiple discriminant
analysis will be performed on the scores from PCA of the datasets in Run 1 and Run
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2 presented in Chapter 5. The scores values included in each MDA are from those
principal components retained in each Run as determined by the Kaiser-Guttman
Criterion. The two steps of the MDA proceed with (1) an F-test (Wilke’s Lambda),
which is used to test the overall significance of the model, and (2) a test of each
independent variable (in this case, PCA scores) to see which variables’ means differ
significantly from one another, as a method of determining if the overall model is
significant. Those independent variables whose means differ significantly are used to
classify the dependent variable. It should be noted here that, although an overall
PCA model may be significant, this does not mean that the model supports the
hypothesis that taxa may be discriminated based on the morphology of their cortical
microstructure. The real test provided by the MDA (and, thus, PCA) is whether
the independent samples can be re-classified to their respective dependent variables
(Taxa). Unlike PCA, which does not assume class membership before analysis take
place, MDA offers optimal separation of pre-defined groups. For example, if the
class membership of each sample is already known before the analysis takes place,
all of the “bobcat” samples are “binned” as such, and the MDA will attempt to fit
all of those bobcat samples into the “bobcat” vector space. Although this method
can be a disadvantage as a first step in exploratory analysis of a dataset, it will
be an advantage here in the final test of significance. The taxonomic grouping and
separation by microstructural datapoints have been pre-defined by PCA. The true
test of significance will be whether those points (represented here as PCA scores
rather than the original sample values) can be reassigned to their respective taxa.
The larger the number of data points that can be reassigned to the correct taxon, the
more powerful the principal components are, and, thus, the variables, in distinguishing
between taxa in the Primary Dataset.
Unlike PCA plots, the output of MDA refers to each taxon as a number. The taxa
are numbered acoording to their alphabetical order. The abbreviations for plots in
Chapter 6 are as follows: Bear (1); Beaver (2), Bobcat (3), Capuchin (4), Coyote
(5), Groundhog (6), Hare (7), Lemur (8), Opossum (9), Raccoon (10), Rhesus (11).
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6.2

Multiple Discriminant Analysis: Run 1

Multiple discriminant analysis is performed on the PCA scores calculated for the
five microstructural types (secondary osteons, Haversian canals, primary lacunae,
secondary lacunae, and primary vasculature). The format will follow that of Run 1 in
Chapter 5, and the significance of each PCA analysis will be addressed. The details
of each dataset can be found in Chapter 5.

6.2.1

Run 1A: Secondary Osteons

The results of the MDA on the secondary osteons are shown in Figure 6.1 and Figure
6.2. For a total of 3580 cases (one secondary osteon is equal to one case), principal
component 1 (t[1]) and principal component 2 (t[2]) are significant to a 95% confidence
interval. In the Analysis of Variance (ANOVA) table (testing the equality of group
means) in Figure 6.1, the smaller the value of Wilks’ Lambda, the more important the
independent variable is in the discriminant function. By definition, the first principal
component should be the most important and should explain the greatest amount of
variance in the dataset. The ANOVA table shows that this is the case, in that PC1
([1]) has a smaller Wilks’ Lambda value than PC2. The second test of the relative
importance of the independent variables in predicting the dependent variables (Taxa)
is shown in the Standardized Canonical Discriminant Function Coefficients table,
also found in Figure 6.1. The coefficients in the table serve the same function as beta
weights in a multiple regression analysis. The results of this latter test show that
PC1 has the greatest influence in the first discriminant function (i.e., t[1] has the
highest value in the column under Function 1) and that PC2 has the most influence
over the second discriminant function. This is an expected result and supports the
validity of the PCA data compression. In the canonical discriminant function plot
of the secondary osteons in Figure 6.1, the group centroids are defined by squared
Mahalanobis distances. The plot shows that the centroids of all the taxa are tightly
clustered. The clustering of the centroids based on the morphological characteristics
of the secondary osteons indicates that it is not likely that taxa can be discriminated
using only those microstructural characteristics. The data in Figure 6.2 support this
conclusion, indicating that only 8.7% of the cases (secondary osteons from known
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taxa) were correctly classified. This result is consistent with PCA results for secondary
osteons, which also did not show strong separation of taxa.

6.2.2

Run 1B: Haversian Canals

The results of the MDA on the Haversian canals are shown in Figure 6.3 and Figure
6.4. For a total of 3610 cases (one Haversian canal is equal to one case), principal
component 1 (t[1]), principal component 2 (t[2]), and principal component 3 (t[3])
are significant. The ANOVA table (testing the equality of group means) in Figure
6.3, shows that PC1 has the smallest value of Wilks’ Lambda, which is as expected.
For the same reason, it is expected that PC3 will have the largest value of Wilks’
Lambda, but this is not the case. Instead, PC2 has the largest value. The Standardized Canonical Discriminant Function Coefficients table, also found in Figure
MDA-blue1, reveals the same result, based on the influence of each principal component to predict the dependent variable. The results of this latter test show that
PC1 has the greatest influence in the first discriminant function (i.e., highest value
in the column for Function 1), but PC3 has the most influence over the second discriminant function and PC2 over the third discriminant function. In the canonical
discriminant function plot of the Haversian canals in Figure 6.3, the positions of the
group centroids are defined by squared Mahalanobis distances. The plot shows that
the centroids of the taxa are tightly clustered. The clustering of the centroids based
on the morphological characteristics of the Haversian canals indicates that it is not
likely that taxa can be discriminated using only those microstructural characteristics. Figure 6.4 supports this conclusion, indicating that only 10.1% of cases were
correctly classified. This result is consistent with PCA results for Haversian canals
(Figure 5.27).
The discrepancy between the relative influences of the PC2 and PC3 over the discriminant functions is suspected to be a result of the different mathematical treatment of
the data in PCA versus MDA. Whereas MDA adopts many of the same perspectives
as PCA, the two methods are mathematically different in what they are maximizing.
Whereas PCA maximizes the variance in all of the variables accounted for by the principal components, MDA maximizes the difference between values of the dependent
variables in order to give optimal separation of pre-defined groups.
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Figure 6.1: A series of tables and the canonical discriminant functions chart from
the multiple discriminant analysis of the PCA scores of Run 1A (secondary osteons)
of the Primary Dataset. The scores values for each principal component are
significant to 95% confidence level.
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Figure 6.2: The classification results from the multiple discriminant analysis of the
PCA scores values of Run 1A (secondary osteons) of the Primary Dataset.
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Figure 6.3: A series of tables and the canonical discriminant functions chart from
the multiple discriminant analysis of the PCA scores of Run 1B (Haversian canals)
of the Primary Dataset. The scores values for each principal component are
significant to 95% confidence level.
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Figure 6.4: The classification results from the multiple discriminant analysis of the
PCA scores values of Run 1B (Haversian canals) of the Primary Dataset.
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6.2.3

Run 1C: Primary Lacunae

The results of the MDA on the primary lacunae are shown in Figure 6.5 and Figure
6.6. For a total of 1992 cases (one primary lacuna is equal to one case), principal component 1 (t[1]) and principal component 2 (t[2]) are significant. The ANOVA table
(testing the equality of group means) in Figure 6.5, shows that PC1 has the smaller
value of Wilks’ Lambda and PC2 the larger value. Thus, the principal components
have the expected relative significance. The Standardized Canonical Discriminant
Function Coefficients table, also found in Figure 6.5, shows the comparable result
based on the influence of each principal component to predict the dependent variable. The results of this test show that PC1 has the greater influence over the first
discriminant function and PC2 over the second disciminant function. In the canonical
discriminant function plot of the primary lacunae in Figure 6.5, the group positions
of centroids are defined by squared Mahalanobis distances. The plot shows that the
centroids of the taxa are clustered, but clearly into two separated groups of taxa,
reminiscent of the two taxon groups revealed in Run 2 of Chapter 5 (Figure 5.38).
Figure 6.6 shows that the re-classification of cases based only on the primary lacunae is slightly more successful than reclassification by secondary osteons or Haversian
canals, with 29.8% of cases correctly classified. Despite the increase in the number
of cases correctly classified, the percentage is still not high enough to conclude that
taxa can be discriminated based only on primary lacunae.

6.2.4

Run 1D: Secondary Lacunae

The results of the MDA on the secondary lacunae are shown in Figure 6.7 and Figure
6.8. For a total of 2141 cases (one secondary lacuna is equal to one case), principal
component 1 (t[1]) and principal component 2 (t[2]) are significant. The ANOVA table
(testing the equality of group means) in Figure 6.7, shows that PC1 has the smaller
value of Wilks’ Lambda and PC2 the larger value. The Standardized Canonical
Discriminant Function Coefficients table, also found in Figure 6.7, reveals the same
result based on the influence of each principal component to predict the dependent
variable. The results of this test show that PC1 has the greater influence over the first
discriminant function and PC2 over the second disciminant function. In the canonical
219

Figure 6.5: A series of tables and the canonical discriminant functions chart from
the multiple discriminant analysis of the PCA scores of Run 1C (primary lacunae)
of the Primary Dataset. The scores values for each principal component are
significant to 95% confidence level.
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Figure 6.6: The classification results from the multiple discriminant analysis of the
PCA scores values of Run 1C (primary lacunae) of the Primary Dataset.
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discriminant function plot of the secondary lacunae in Figure 6.7, the positions of the
group centroids are defined by squared Mahalanobis distances. The plot shows that
the centroids of the taxa are clustered. The separation into two clusters of taxa, as
seen in the canonical discriminant function plot for the primary lacunae, is not as
prominent in this analysis. Figure 6.8 shows that the re-classification of cases based
only on the secondary lacunae is the most successful of all of the microstructural
types at distinguishing between taxa. A total of 46.3% of cases were reclassified
correctly. This result is surprising given the relatively large percentage of taxonomic
resolution acheived by the varibales pertaining to the secondary lacunae. In the PCA
of the Primary Dataset, the scores plot of the secondary lacunae (Figure 5.29) did not
visually seem to show a greater amount of taxon clustering and/or separation than
the other PCA in Run 1. The utility of MDA is shown here, in that these results
suggest that the secondary lacunae could have a large taxonomic value even without
the addition of other microstructural types in the analysis.

6.2.5

Run 1E: Primary Vasculature

The results of the MDA on the Haversian canals are shown in Figure 6.9 and Figure
6.10. For a total of 4393 cases (one Haversian canal is equal to one case), principal
component 1 (t[1]), principal component 2 (t[2]), and principal component 3 (t[3])
are significant. The ANOVA table (testing the equality of group means) in Figure
6.9, shows that PC1 has the smallest value of Wilks’ Lambda, confirming its greatest
significance. It is expected that PC3 will have the largest value of Wilks’ Lambda,
but this is not the case. As in the discriminant analysis of the Haversian canals, PC2
is shown to have the largest value and, thus, the least significance. The Standardized
Canonical Discriminant Function Coefficients table, also found in Figure 6.9, shows
the comparable result based on the influence of each principal component to predict
the dependent variable. The results of this test show that PC1 has the greatest influence in the first discriminant function, but PC2 has the most influence over the
third discriminant function and PC3 over the second discriminant function. In the
canonical discriminant function plot of the primary vascular canals in Figure 6.9, the
positions of the group centroids are defined by squared Mahalanobis distances. The
plot shows that the centroids of the taxa are tightly clustered as in the MDA of the
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Figure 6.7: A series of tables and the canonical discriminant functions chart from
the multiple discriminant analysis of the PCA scores of Run 1D (secondary lacunae)
of the Primary Dataset. The scores values for each principal component are
significant to 95% confidence level.
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Figure 6.8: The classification results from the multiple discriminant analysis of the
PCA scores values of Run 1D (secondary lacunae) of the Primary Dataset.
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secondary osteons and the Haversian canals. The clustering of the centroids based
on the morphological characteristics of the primary vasculature indicates that it is
not likely that taxa can be discriminated using only those microstructural characteristics. Figure 6.10 supports this conclusion, indicating that only 19.5% of cases
were correctly classified. This result is consistent with PCA results for the primary
vasculature. As in the MDA of the Haversian canals, the discrepancy between the
relative influences of the PC2 and PC3 over the discriminant functions is suspected to
be a result of the different mathematical treatment of the data in PCA versus MDA.
Whereas MDA adopts many of the same perspectives as PCA, the two methods are
mathematically different in what they are maximizing. Whereas PCA maximizes
the variance in all of the variables accounted for by the principal components, MDA
maximizes the difference between values of the dependent variables in order to give
optimal separation of pre-defined groups.

6.2.6

Run 1: Conclusions

Although all of the principal components in the Run 1 analysis were found to be
significant at the 95% confidence interval based on MDA, a closer look revealed that
the ability of the principal components to classify the cases of each microstructural
type was poor. The results of the multiple discriminant function analyses of each
microstructural type are consistent with the results of the PCA analyses, and the
same conclusions are reached for each type. The most surprising result was the
ability of the secondary lacunae to allow for the correct reclassification of 46.3% of
the cases in the Primary Dataset. This result hints at elevated discriminatory power
of the secondary lacunae with regard to taxon, which should be explored further in
future datasets.

6.3

Multiple Discriminant Analysis: Run2

Multiple Discriminant Analysis was applied to Run 2 of the Primary Dataset. In
this analysis, each case is equal to one micrograph. By running MDA with the scores
from Run 2 of the Primary Dataset, the goal is to determine (1) if the results of the
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Figure 6.9: A series of tables and the canonical discriminant functions chart from
the multiple discriminant analysis of the PCA scores of Run 1E (primary
vasculature) of the Primary Dataset. The scores values for each principal
component are significant to 95% confidence level.
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Figure 6.10: The classification results from the multiple discriminant analysis of the
PCA scores values of Run 1E (primary vasculature) of the Primary Dataset.
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PCA are significant and (2) if the variance within the cross-section of each taxon is
less than the variance between taxa.

6.3.1

Run 2: Results

The results of the MDA on Run 2 are shown in Figure 6.11, Figure 6.12, and Figure
6.13. For a total of 160 cases, all independent variables (Principal components) are
significant except for principal component 5 (t[5]) and principal component 8 (t[8]).
The ANOVA table (testing the equality of group means) in Figure 6.11, shows that
PC1 has the smallest value of Wilks’ Lambda and PC2 the next smallest value. Beyond these two variables, however, the interpretation of the Wilks’ Lambda values
with respect to the relative significance of the principal components is fairly complicated. The most evident is the lack of sequential increase in value among successive
principal components. The Standardized Canonical Discriminant Function Coefficients table, also located in Figure 6.11, confirms that PC1 has the greatest influence
over the first disciminant function. The rest of the principal components do not match
with their appropriately numbered functions. In the canonical discriminant function
plot of the micrographs in Figure 6.12, the positions of the group centroids are defined
by squared Mahalanobis distances. The plot shows separation of the taxon centroids,
and the arrangement of the plot is similar to that of the scores plots from the PCA of
Run 2 (Figure 5.38). Indeed, the classification results shown in Figure 6.13 indicate
that 75.6% of micrographs were correctly reclassified.

6.3.2

MDA Run 2: Conclusions

The results of the MDA of Run 2 are consistent with PCA results and conclusions
drawn from them. The canonical discriminant function plot and the classification
results based on the discriminant analysis of the PCA scores from the first 11 principal components suggest that taxa can be discriminated based on a combination of
microstructural characteristics. The results of reclassification for each taxon indicate
that the majority of the micrographs in one cross-section were correctly re-assigned.
This result confirms that the variation within a single cross-section (i.e., between micrographs) is less than the variation between different taxa. As in the MDA results
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of the Haversian canals and primary vasculature, the discrepancies between the influences of principal components 3, 4, 6, 7, 9, and 10 over the discriminant functions is
suspected to be a result of the different mathematical treatment of the data in PCA
versus MDA. The discrepancies are not critical to the conclusions of the test. Using
the scores values from 11 principal components, 76% of known sample in the Primary
Dataset can be reassigned to their respective taxon using a 95% confidence interval.
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Figure 6.11: A series of tables from the multiple discriminant analysis of the PCA
scores of Run 2 micrographs of the Primary Dataset. The scores values for each
principal component are significant to 95% confidence level.
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Figure 6.12: The canonical discriminant functions plot from the multiple
discriminant analysis of the PCA scores of Run 2 of the Primary Dataset.
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Figure 6.13: The classification results from the multiple discriminant analysis of the
PCA scores of Run 2 of the Primary Dataset.
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Chapter 7
Microstructural Variation in
Odocoileus virginianus: The Ribs
as a Case Study

7.1

Introduction

What is the extent of microstructural variation within a single specimen? This chapter presents two case studies that begin to explore the variation within the skeleton
of a single specimen of Odocoileus virginianus (white-tailed deer). The results presented in Chapter 5 of this dissertation suggest that tetrapods can be taxonomically
distinguished by the morphology of their bone microstructure. The experimental design of the Primary Dataset simplified the variation between taxa. Each taxon was
represented by a single cross-section through a specific bone. But what if each taxon
were represented by two cross-sections from different bones of the same specimen
or even two cross-sections taken from the same bone? Would the variance in bone
microstructural morphology between different cross-sections of one specimen still be
smaller than the variance between taxa? This chapter builds on the analyses and
results of Chapters 5 and 6 to explore those questions.
The present case studies in single-specimen microstructural variation include exploration of (1) the intra-skeletal variation among left ribs 2 through 12 and (2) the
intra-bone variation in O. virginianus rib 7. Information on the deer specimen and
the micromorphological details of each rib can be found in Chapter 4. The datasets for
both case studies will be explored using Principal Component Analysis (PCA) and,
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where applicable, Multiple Discriminant Analysis (MDA). Chapters 5 and 6 provide
good treatment of each statistical method, respectively, so that the details will not
be repeated here. The procedure by which the microstructural units were directly
measured and the derivation of the calculated metrics for both O. virginianus case
studies were identical to the procedure used for the Primary Dataset. The hierarchy
of O.virginianus data organization is also similar to that of the Primary Dataset. The
only difference from the Primary Dataset is that, instead of comparing the microstructural differences among taxa (Tier 1), the intra-skeletal case-study is comparing the
microstructural difference among ribs (Tier 1), and the intra-bone case-study compares 5 cross-sections from the same rib (Tiers 1 and 2). All other Tiers (micrograph
samples, types of microstructures, and metrics of single microstructural units) are
analogous to the organization of the Primary Dataset. For a detailed discussion of
the tiered hierarchy, see Chapter 5.
As discussed in Chapter 4, the ribs were chosen for intra-skeletal and intra-bone case
studies because (1) during formation, the ribs undergo intramembranous ossification
unlike the bones of the appendicular skeleton, such as the tibiae in the Primary
Dataset, which form by endochondral ossification, (2) ribs do not bear weight, (3)
the ribs are serially repeated bones, and (4) ribs and rib fragments are abundant
in the fossil record, yet have been deemed of little taxonomic value. Analysis of
the ribs for microstructural variation acknowledges the possibility of microstructural
differences between bones of different formation processes, as well as between weightbearing and non-weight-bearing bones. As serially repeated skeletal elements, ribs
offer the chance to examine “closely related” bones in order to detect any variation.
For example, if there is a great amount of variation among the ribs of the whitetailed deer, it would be reasonable to hypothesize that a comparison among the other
bones in the skeleton would likewise yield high microstructural variability. If this
were the case, however, the variation in different bones would have to be formally
tested. Ribs are of particular interest to this project because of the abundance of this
skeletal element in the fossil record. The gross morphology of the rib body shows a
“piscis” or pointed oval geometry in cross-section, allowing even small fragments to be
identified as ribs. Unfortunately, the gross morphology of even a complete rib holds
little taxonomic information, and the rib rarely can be identified taxonomically in the
absence of more distinctive skeletal elements. The outcome of the current study on
the variation of bone microstructure within the deer ribs will indicate the applicability
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of the microstructural technique to fossil rib fragments and the likelihood of success
of continued intra-skeletal analysis of microstructural variation.

7.2

Intra-skeletal variation

The microstructural features used to evaluate the intra-skeletal variation in O. virginianus were measured from one mid-bone cross-section of each of the 12 left ribs.
Left rib 1 was not included in the final dataset because of error in micrographic documentation. In preparation for PCA of the data, 13,572 microstructural units of the
five types (primary vasculature, primary lacunae, secondary lacunae, secondary osteons, and Haversian canals) were marked by hand and then measured automatically
using the Welsh algorithm. The distribution and number of the microstructural units
per rib can be found in Figure 7.1.

Figure 7.1: A summary table showing the number of each type of microstructure
measured per rib. The total number of microstructural units measured for this case
study was 13,572.

7.2.1

Analysis

The organization of the intra-skeletal dataset is analogous to the data input structure
of PCA Run 2 of the Primary Dataset (Chapter 5). As discussed above, the only
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difference is that instead of comparing 11 taxa, this dataset compares 11 left ribs
by analysis of cross-sections. For PCA of the intra-skeletal dataset, metric values
for each type of microstructure are averaged per micrograph. Each row of the input
corresponds to a micrograph from part of the one, mid-body cross-section made for
each of the 11 left ribs of the deer. Each micrograph is considered here to be one
“sample”, for a total of 382 samples (m). Because of the size difference in the cortex
of the mid-body sections among the left ribs, some ribs are represented by more micrographs (samples) than others. Each column in the PCA input matrix corresponds
to a microstructural metric, such as the length of the major axis of a secondary osteon. The analysis of the intra-skeletal dataset begins with 11 metric values (see
Chapters 3 and 5) for the primary vasculature, 10 metrics for the Haversian canals,
10 metrics for the secondary osteons, 8 metrics for the primary lacunae, 8 metrics
for the secondary lacunae, and an additional 3 metrics comparing measurements of
certain microstructural features (Figure 5.16), for a total of 50 metrics (n).

7.2.2

PCA Results

Prior to PCA of the intra-skeletal dataset, micrograph 24 of left rib 05 was removed
from the analysis because this micrograph had the largest number of missing metric
values compared to other micrographs in the dataset. Fifteen principal components
initially were calculated for the intra-skeletal dataset. The Kaiser-Guttman rule indicated the retention of 12 principal components (Figure 7.2 A), explaining 87% of the
variance in the dataset. Given the large number (50) of variables (i.e., all the bone
microstructure metrics), to capture this degree of variance in the first 12 components
is good. However, a scree plot of the eigenvalues shows the “elbow” of the slope at
principal component 6 (Figure 7.2 B). According to the Cattell’s Scree Test, five principal components (one component less than the “elbow” value) should be retained for
the intra-skeletal dataset. The difference in the number of principal components per
the Kaiser-Guttman rule and the Cattell Scree Test is large. However, the variance
that is explained for each of the principal components beyond PC5 is small, indicated
by rr values of less than 8% each for PC6 through PC15.
The PCA of the intra-skeletal dataset resulted in five principal components explaining
64% of variance in the dataset. The number of principal components was reduced in
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Figure 7.2: A table (A) and scree plot (B) of the eigenvalues associated with the
PCA exploring the variance in mid-body cross-sections of Ribs 2 through 12. The
red star represents the eigenvalue cut-off per the Kaiser-Guttman rule. The red
arrow on the scree plot points to the “elbow’ that indicates the number of principal
components that should be retained per the Cattell scree test.
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order to make sure that the data would not be overfitted. The scores plot does not
show separation of the rib cross-sections based on the size, shape, and orientation of
bone microstructures (Figure 7.3). Because there are no class distinctions based on
rib number, the loadings are not discussed. One of the advantages of PCA over other
statistical methods, especially when applied to exploratory datasets, is demonstrated
here. A PCA will always generate principal components, a T matrix, and a P matrix, regardless of whether there is any pattern in the dataset. However, if there is
no pattern in the scores plot, then the loadings also are uninformative in terms of
distinguishing any (non-existent) pattern. If this is the case, no further statistical
treatment is necessary to test for significance of the variance between samples. If the
scores plot did reveal a pattern, however, such as in Run 2 of the Primary Dataset, the
loadings should be evaluated. PCA shows patterns within the data and the variables
that explain most of the variance, but it is not ideal for evaluating whether the pattern
is statistically significant. Point clouds of data are mapped using scalar values, such
that one scores plot cannot be directly compared to another. A dataset, especially if
it is exploratory, should then be analyzed for statistically significant variance, as was
done for the Primary Dataset in Chapter 6.
The results of the PCA of the intra-skeletal dataset support the hypothesis that
bone microstructural morphology varies more between taxa than among bones of the
same individual. Such information supports the validity of taxonomic discrimination on the basis of microstructural morphology. The lack of any patterning in the
scores plot with respect to rib number suggests that the morphological expression of
the microstructures does not vary among the mid-bodies of serially repeated bones.
Therefore, regardless of which rib is evaluated, the specimen may still be classified as
O. virginianus.

7.3

Intra-bone Variation

The microstructural features used to evaluate the intra-bone variation in O. virginianus were measured from five cross-sections taken from left rib 7. A discussion on
where along the rib body the cross-sections were extracted can be found in Chapter
4. In preparation for PCA of the data, 7,550 microstructural units of the five types
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Figure 7.3: The scores of the inter-rib case study are plotted in three dimensions,
corresponding to the first, second, and third principal components.
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(primary vasculature, primary lacunae, secondary lacunae, secondary osteons, and
Haversian canals) were marked by hand and then measured automatically using the
Welsh algorithm. The distribution and number of the microstructural features per
cross-section on rib 7 can be found in Figure 7.4.

Figure 7.4: A summary table showing the number of each type of microstructure
measured per cross-section of Rib 7. The total number of microstructural units
measured for this case study was 7,550.

7.3.1

Analysis

The organization of the intra-bone dataset is identical to the data input structure
of PCA Run 2 of the Primary Dataset (Chapter 5). As discussed above, the only
difference is that instead of comparing 11 taxa or 11 left ribs, this dataset compares
5 cross-sections from left rib 7. For PCA of the intra-bone dataset, metric values
for each type of microstructure are averaged per micrograph. Each row of the input
corresponds to a micrograph from part of the one of the five cross-sections made for left
rib 7 of the deer. Each micrograph is considered here to be one “sample” of data, for a
total of 235 samples (m) (Figure 7.4). The width of the cortex differs along the length
of the rib. Because of this size difference, some rib 7 cross-sections are represented
by more micrographs (samples) than others. Each column in the PCA input matrix
corresponds to a microstructural metric. The analysis of intra-bone dataset begins
with 11 metric values (see Chapters 3 and 5) for the primary vasculature, 10 metrics
for the Haversian canals, 10 metrics for the secondary osteons, 8 metrics for the
primary lacunae, 8 metrics for the secondary lacunae, and an additional 3 metrics
comparing measurements of certain microstructural features (Figure 5.16), for a total
of 50 metrics (n).
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7.3.2

PCA Results

Prior to PCA of the intra-bone dataset, micrograph 30 of left Rib 7, Cut 05 was
removed from the analysis because this micrograph did not have any reported values
except for the metrics of the primary lacunae. Fifteen principal components (PC) were
calculated for the intra-skeletal dataset. The Kaiser-Guttman rule would suggest the
retention of 11 principal components, explaining 89% of the variance in the dataset.
A scree plot of the eigenvalues shows a smooth slope with no obvious “elbow” at
which to limit the number of principal components. Even though the variance that is
explained for each of the principal components after PC3 is relatively small compared
to the first three components, indicated by r2 values of less than 10% each for PC4
through PC11, all 11 are retained for this analysis.
The PCA of the intra-bone dataset resulted in 11 principal components explaining
89% of variance in the dataset (Figure 7.5). The scores plot of the data does not show
any clustering of the data points according to the position of the cross-section along
Rib 7 (Figure 7.6). Most of the data points are clustered about the origin. There
is, however, a pattern of dispersal in the PC1-PC2 (X-Y) plane that is worth noting
here (Figure 7.7 A). Whereas most of the samples from Cut 1 plot at the origin of the
graph, there is also a dispersal pattern of some points in the positive direction of PC
1 and the negative direction of PC2. Most samples of Cut 5 plot around the origin,
but the points near the origin are situated in the quandrants of negative PC1 values
compared to Cut 1, whose points about the origin are in the positive PC1 quadrants.
Those Cut 2 data points displaced from the origin are dispersed mostly along positive
and negative PC2. The points of Cut 3 disperse slightly into negative PC1 space.
The loadings plot shows the variables that are most likely responsible for the dispersal
patterns (Figure 7.8). The Rib 7 cross-sections cannot, with any reasonable level of
confidence, be distinguished from each other on the basis of the size, shape, and
orientation of microstructural features. However, those points that do not sit at the
graphical origin of the scores plot seem to disperse in specific directions according to
cross-section placement along the rib. The variance along positive values of PC1 can
be attributed mostly to variables pertaining to the size of the primary lacunae, size of
the primary vasculature, and PVLong. Anti-correlated with these variables, but still
explaining a large amount of the variance along negative PC1, are variables PLA and
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Figure 7.5: A table of the eigenvalues (A) associated with the PCA exploring the
variance in microstructural morphology within Rib 7. The scree plot of the
eigenvalues (B) does not show a distinct “elbow”. The red star indicates the cut-off
for retained eigenvalues under the Kaiser-Guttman rule.
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Figure 7.6: The scores of the intra-rib case study are plotted in three dimensions
that correspond to the first, second, and third principal components.

243

Figure 7.7: Orthogonal views of the intra-rib dataset looking onto the X-Y plane
down the positive Z-axis (A), the X-Z plane viewed down the positive Y-axis (B),
and the Y-Z plane viewed down the positive X-axis (C).
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PVR. The variables along the positive PC1 axis are those that control the variance
in some of the points from Cut 1, whereas the variance in four points from Cut 3
is explained by the variables PVR and PLR in the negative PC1 direction. Most of
the variance along PC2 can be explained by the variables relating to the size of the
secondary osteons and Haversian canals along the positive PC2 axis and variables
relating to the size of the secondary lacunae, HCR, and SOHCR along the negative
PC2 axis. Therefore, the variance in the dispersed points of Cut 5 can be attributed
mostly to the variables describing the size of secondary osteons and Haversian canals.
The remaining Cut 1 dispersed points lie along the negative PC2 axis, where much of
the variance can be explained by the shape of the Haversian canal (HCR), SOHCR,
and the size of the secondary lacunae. In summary, PC1 and PC2 of the intra-bone
dataset are defined such that most of the variance along PC1 can be explaining by
the characteristics of primary microstructural features and PC2 can be explained by
the characteristics of secondary microstructural features.

7.3.3

Multiple Discriminant Analysis of the Intra-bone Dataset

Although the scores plot of the intra-bone dataset does not show any separate clustering of the data points according to specific cross-section, the unique patterns of
dispersal of points for Cuts 1 and 5 warrant a closer look with additional statistical
treatment. Osteologically, Cut 1 and Cut 5 were the proximal-most and distal-most
cross-sections extracted from Rib 7, respectively. It is not clear from PCA whether
the variance between the cross-sections is significant. Therefore, the section-to-section
variance is tested here using Multiple Discriminant Analysis.
Multiple Discriminant Analysis of the 5 cross-sections from Rib 7 used the scores values from the first 11 principal components from the PCA presented above. Although
the distribution of points in the scores plot for intra-bone variation does not show the
intimate intermingling displayed in the inter-rib case study, the points do not cluster
according to cross-section as they did in the PCA of the Primary Dataset.
The results of the MDA analysis on the five cross-sections of Rib 7 are shown in
Figure 7.9 and Figure 7.10. For a total of 234 cases (one micrograph is equal to one
case), all principal components are significant to a 95% confidence interval except for
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Figure 7.8: The loadings plot for the intra-bone dataset, highlighting the variables
that explain the greatest amount of the variance along principal component 1 (blue
boxes) and principal component 2 (green boxes). The yellow box highlights the
variables in the dataset that explain very little of the variance.
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t[5]. The Analysis of Variance (ANOVA) table (testing the equality of group means)
shown as part of Figure 7.9, displays the Wilks’ Lambda values for each independent
variable (scores values of principal components 1 through 11). The smaller its Wilks’
Lambda value, the more important is the variable in the discriminant function. In
this analysis, the scores values of principal component 4 (t[4]) have the smallest Wilks’
Lambda. The second test of the relative importance of the independent variables in
predicting the dependent variables (Taxa) is shown in the Standardized Canonical
Discriminant Function Coefficients table, also found in Figure 7.9. The values in this
table serve the same function as beta weights in a multiple regression analysis and
can be used to evaluate each independent variable’s unique contribution to each discriminant function. Here, the highest values indicate greatest importance. The MDA
produced 4 discriminant functions. There is no particular pattern in the function
coefficients that pertained to the principal components, mostly likely a result of the
different mathematical approaches of PCA and MDA. Although the scores values are
the result of data compression in the PCA, MDA transforms the scores again in order
to determine the resulting canonical discriminant functions.The table in Figure 7.9
showing the Wilks’ Lambda values for the canonical discriminant functions indicates
that all four discriminant functions are significant in explaining the data.
In the canonical discriminant function plot of the secondary osteons in Figure 7.10,
the group centroids are defined by squared Mahalanobis distances. The plot shows
that the centroids of Rib 7 cross-sections 2, 3, and 4 are in close proximity to one
other, whereas the centroids from cross-sections 1 and 5 are the farthest apart on
the plot. The classification results shown in Figure 7.10 indicate that 59.8% of cases
were correctly classified. Because the reclassification of samples is based on a 95%
confidence interval, it is most likely that the samples from Cut 1 and Cut 5 would
have the most samples correctly reclassified based on the visual display of the centroid
positions in Figure 7.10. A closer look at the classification results reveals that Cuts
1 and 5 of Rib 7, indeed, had the largest percentage of correctly reclassified samples,
with 71% and 68% of the samples reclassified, respectively. Based on the results of
MDA alone, it is not possible to distinguish which microstuctural metrics may be
causing these distinctions. However, on the orthogonal views of the 3D scores plot
(Figure 7.7), Cut 1 and Cut 5 of Rib 7 show some distinct patterning in the X-Y plane
(PC1-PC2). Whereas neither group of the rib cut samples is tightly clustered, the
samples from Cut 1 are situated about the origin, and along positive PC1 and positive
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PC2. A review of the PCA loadings (Figure 7.8) indicates that most of the variance
along the positive PC1-PC2 axes is explained by the size, shape, and orientation of the
primary vascular canals and the size and shape of the primary lacunae. The sample
points of Cut 5 are mainly situated about the origin (intermingled with samples from
Cut 1) and along negative PC1 and PC2. Variables PVR and PLA account for the
greatest amount of variance along negative PC1. The variables descibing the size and
shape of the Haversian canals are significant along negative PC2.

7.4

Conclusion

The two case studies on a single specimen of a white-tailed deer were used to explore to
what extent the bone microstructural types would vary within the skeleton. The case
studies also addressed the significance of this variation and how the variation would
affect future taxonomic datasets. The statistical analyses of the inter-rib case study
supported the notion that mid-bone (or mid-diaphysis in the case of long bones) crosssections of multiple bones in the skeleton could be properly identified taxonomically
by reference to a database containing only information on the mid-diaphysis of a
specific type of bone or bones (in this case study, serially repeated ribs). Analogous
case studies applied to additional bones would further test this hypothesis. Future
case studies must also include analysis of mid-diaphysial (mid-bone) cross-sections
from different bones in the same skeleton. A dataset of this type may include a
comparison of the microstructural variation in the mid-diaphyseal cross-sections of
the deer femur, tibia, and humerus.
The question of whether one likewise could make a successful taxonomic identification
based on any random cross-section along the length of the long bone diaphysis or the
rib body has a much less clear answer. The results of the intra-rib analyses indicate
that perhaps only the extreme proximal and distal ends of bones should be avoided in
this type of analysis, as evidenced by the distinct microstructural variation between
Rib 7 Cut 1 and Cut 5 and the lower resolution among Cuts 2, 3, and 4. Although
the total number of properly reclassified samples was still less than those for the
Primary dataset, the relatively large amount of reclassified samples (i.e., indicating
that different cross-sectios of the same bone were not statistically indistinguishable) in
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Figure 7.9: A series of tables from the multiple discriminant analysis of the PCA
scores of the intra-bone dataset. The scores values for each principal component are
significant to 95% confidence level.
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Figure 7.10: The classification results from the multiple discriminant analysis of the
PCA scores values of the intra-bone dataset.
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the intra-bone dataset warrants additional testing of the variation along the length of
a bone. Additional analogous studies should be done using a variety of long bones and
ribs. In the interim, it can be stated that the location of the cross-section within the
bone may be more important in the analysis than which bone is used in attempting
to extract taxonomic information from bone microstructure.
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Chapter 8
Conclusions and Perspectives
The inspiration for this dissertation and course of research was the Platonic view
that, behind the apparent and fuzzy complexity of the world, one may find simple
and pure structures. The pure notion of a “taxon” is still not fully understood. Over
time, scientists have created a series of rules to follow in order to guide a language
of taxonomy and to facilitate scholarly communication. However, Nature’s ability to
construct a continuum can never be underestimated. For centuries, we have been
trying to define where one taxon ends and another taxon begins. One hundred years
from now, taxonomists may still be debating the species concept and searching for
ways to make taxonomy a quantitative venture.
The work presented in this dissertation is the beginning of one such quantitative
taxonomic procedure. It was not developed in isolation from the established, qualitative taxonomic methods at this time, but instead serves to augment those processes,
making taxonomic designation more reliable. Scientists have been trying to create
a method by which vertebrates can be taxonomically identified by their bone microstructure since the 1800’s, but without success. Thus, the results and conclusions
presented in this dissertation serve as a benchmark in osteohistology.

8.1

Purpose

The main purpose of this research was to extract useful taxonomic information from
an untapped source—bone microstructure. For the first time, fragmentary skeletal
remains can be analyzed in a useful, quantitative way. This is a transformative
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development, in that previously unidentifiable skeletons now become useful to anyone
in the field. An increase in identifiable specimens allows for a greater number of
testable paleo-hypotheses. Moreover, this new quantitative taxonomic method can
serve a larger purpose than simply filling the fossil record with identified skeletons.
The world in which we live is ever changing, and scientists seek evidence of the timing
and natures of those changes, in part through the fossil record. They particularly
struggle to make sense of the basic driving forces behind the shifts in climate through
time and the perpetuation/viability of species. It is an advantage to be able to closely
evaluate environmental and climate shifts in the past to gain insight into what may
happen in the future.
Paleoecological reconstruction allows us to peer into the environments of the geological past through the interpretation of the geology and the paleontology of ancient
rock formations. Based on an “inversed” Uniformitarian notion, we can apply this
information to a “using the past to predict the future” approach. The latter comes
from close examination of the effects of climate change on the environment and on
biomass distribution in the past, as well as the acquisition of insight into the courses
of species decline during mass extinction. Restrictions on the number of identifiable
species place significant limits on paleoecological reconstruction and on determination
of the rate of species decline during a mass extinction. Not uncommonly, a species
is defined on the basis of one specimen—a clear problem when testing certain hypotheses. Are we currently undergoing a mass extinction? That debate continues,
but perhaps we can come closer to a conclusion through enhanced ability to access
the change in species number and type during the courses of the past five large mass
extinctions. The desired increase in the number of taxonomic data points could come
through application of the new method presented here. The results of this dissertation suggest that this approach to paleoecological research will be realized in the near
future.

8.2

Conclusions

The chapters of this disseration culminate in three exciting and promising conclusions. From this exploration stage in taxonomic osteohistology, it was found that
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(1) tetrapods can be distinguished taxonomically by a combination of quantitative
measurements characterizing the size, shape, and orientation of five types of cortical bone microstructures, (2) the measureable microstructural variation within one
thin-section is less than the variation between taxa, and (3) the variation among the
ribs of one specimen is small, suggesting that the morphology of the microstructural
types will not vary significantly throughout the skeleton. The three conclusions support the continuation of this research, as well as its application to the study of bone
microstructural systems in extinct tetrapods.
This project began by examining only secondary bone structures (secondary osteons,
Haversian canals) as a means to taxonomically distinguish taxa. The microstructural
metrics evolved to include primary bone microstructures and lacunae (both primary
and secondary) after visually comparing thin-sections of several different taxa. Even
prior to quantitative measurement, the variation of the size and shape of primary
structures between different taxa was very clear. The size of primary lacunae compared to the size of the secondary lacunae seemed to be different within a taxon as
well as between taxa. New metrics were added to quantitatively reflect the foreseen
variation. The Primary Dataset had the advantage of being very broad in taxonomic
scope (i.e., taxa were not very “close” on the mammalian phylogenetic tree). Whereas
some amount of taxonomic separation was expected with the method, the results of
Run 2 of the Primary Dataset were quite surprising. Not only was there taxonomic
separation, but most of the micrographs from each taxon were clustered together,
suggesting that the variation in bone microstructural morphology was small within
one cross-section. It was expected that the metrics values for the primary vascular
canals would provide most of the distinguishing power in the Primary Dataset; initial
visual examination of the primary canals showed quite obvious size, shape, and orientation differences between taxa. However, most of variance in the Primary Dataset
was attributed to the size and shape of the Haversian canals, size and shape of the
primary and secondary lacunae, and the size ratios of the actual circumference of
the microstructural units to their best-fit ellipse circumferences. The primary and
secondary lacunae, although the smallest microstructural type in the method, have
the largest overall influence on the taxonomic separation of mammalian specimens.
The microstructural metrics that addressed the orientation of microstructural units
with respect to the periosteal bone surface and the longitudinal axis of the diaphysis
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did not have as much diagnostic power as expected. These metrics were included after
careful consideration of research in bone biomechanics. The effect of locomotion on
bone strength and structure hinted at a possible correlation between microstructural
orientation and locomotive type, and the mammals in the Primary Dataset represent
many locomotive lifestyles. Taking into account these mammals’ habitat, stance, and
bone structure, the stresses on their bones throughout life would clearly not be the
same. For example, the snowshoe hare is a saltator (hopper), whereas the Primates
have an arboreal lifestyle. The hare and the primates will have different types and
directions of stresses placed on their bone through time. During the remodeling process, bones adapt to external stresses.Hypothetically, the features of the remodelled
bone should reflect the type and direction of stress in order to strengthen the bone
from future damage. The directional aspect of this hypothesis was not supported by
the metrics of microstructural orientation applied in this study.
Despite the hope for an ultimately simple means to distinguish tetrapods by the
morphology of their bone microstructures, there is some complexity that will have to
be addressed by future research. Not all taxa in the Primary Dataset were separated
taxonomically with equal spread. Whereas some taxa were easily distinguished from
others in the dataset, some mammals, such as the Rhesus monkey did not exhibit a
recognizable pattern of clustering or separation from other taxa. In the absence of
a clear phylogenetic or locomotive “reason” for these results, what does this mean?
Such questions call for systematic examination of a larger number of samples from
each taxon and a study spanning a greater diversity of taxa.

8.3

Future Work

The scope of possible future work on this subject is vast. Increasing the number of
specimens of each taxon, as well as the number of taxa in the dataset, in a systematic survey of bone microstructure is the obvious route to expand the significance
of this research in taxonomic identification. However, increasing our knowledge of
the variation within a single specimen is the immediate next step in quantitative
osteohistological taxonomy. Analysis of the deer ribs showed promising results, but
similar analysis of the remainder of the post cranial skeleton of O.virginianus will
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reveal the variation within and between different bones. It is unclear at this point
whether the values and variation in the size, shape, and orientaiton of the five types
of microstructures will remain sufficiently consistent throughout the skeleton to allow
all bones in the specimen to be properly re-classified as “white-tailed deer.”
There is much to learn about the variation in bone microstructure with respect to
taxon at various hierarchical levels. Based the results presented in this dissertation,
additional metrics will be added to future analyses that may result in additional
taxonomic resolution. Maintaining the goal of finding the simplest solution to the
challenge, the thin-sections used in this dissertation were not stained. The lack of
staining prevented bone microstructures, such as canaliculi and circumferential lamellae, from being clearly visible under the microscope. Staining of future thin-sections
will allow the morphology of these microstructures to be measured and included in
analyses. The metrics used in the quantitative method do not account for the spatial
arrangement of the microstructures with respect to each other in the cortex. The
arrangement of the microstructures could hold additional taxonomic information.
Although difficult to quantify, microstructural arrangement will also be included in
future analyses.
During the course of this work, additional unforeseen situations arose that also must
be addressed in future analyses. It was known before any analyses that the population distribution of microstructural types was not the same across mammalian taxa.
There were several instances where one micrograph did not show the full suite of
five microstructural types. For instance, in the bear, the bone in the thin-section is
almost entirely remodeled, resulting in many missing values for primary vasculature
and primary lacunae. Given that the amount of secondary bone increases with age,
the absence of primary structures in the cross-section does not mean that is was never
present. In another example, several mammals micrographs did not show any primary
vascular canals, although they did show other primary features and the bones were
not heavily remodeled. Again, this resulted in missing values. However, the missing values in the remodeled bear and in the avascular mammals are different types of
missing values. How could this information be encoded in the dataset? If the primary
cortex is avascular, this information may contribute to distinguishing that taxon, but
it was not taken into account during the analyses in this dissertation. Extracting
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a maximum of useful information content from these “missing value” situations is a
primary aim of future work.
To what level will this method allow taxonomic resolution? The answer to this
question is not clear from the results of the Primary Dataset. In order to explore this
question, future datasets must be populated with multiple specimens from the same
“Family”, genus, and/or species. The limitations on the acquisition of samples for the
Primary Dataset prevented such tests in this dissertation. Based on the current level
of success of the new method, it is hoped that future requests for specific specimens
will be granted with less reservation and that the additional samples will aid the
exploration of taxonomic resolution.
There is so much untapped information in the microstructure of bones that not all of
the courses of future research are not mentioned here. The major planned extension of
this work is its application to the fossil record. A totally different extension by myself
and/or others is to the analysis of locomotion in vertebrates, both from biophysical
and evolutionary points of view.

8.4

Perspectives

As we move our respective disciplines forward, we can only hope to honor and respect
those scientists who have come before us, in some situations suggesting that their
conclusions can be amended to reflect new data. The basic hypothesis tested here is
simple. Many others have attempted previously to infer how bone microstructure and
taxonomy are related, but the most likely solution could not have been uncovered until
now. The advantage of testing this hypothesis in the 21st century is the availability of
technology to enable reproducible measurement on a large scale and rapid statistical
testing of a huge database. Developing the fundamental biological and methodological
groundwork and testing hypotheses certainly required a large investment of effort and
dogged perseverance! But without such basic tools as a petrographic microscope with
a digital camera, a high-precision computer algorithm that measured the hand-marked
images in an instant, and the Evince software that made PCA a true joy (if there can
be such a thing) to work with, it is quite possible that the results of this disseration
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would have been as inconclusive as the results of those who previously attempted to
fathom the relationship between bone microstructure and taxonomy.
Whereas the analysis of microstructures in other studies addressed tens of microstructures, over 37,000 microstructures were analyzed in this study. In these first-case
studies, sample size did matter. Only quantitative analysis of large numbers of microstructures enabled the statistical separation of characteristic distributions of diagnostic features. This large dataset—the first of its kind—serves as a base for all
future research in osteohistological taxonomy.
In recognition of the complexity of the relations uncovered here, the signal identified is the result of a combination of principal components defined by different bone
microstructural features. Results in previous chapters clearly show that no single
bone microstructure or principal component is sufficient to identify taxa. Just as
modern measurement and analysis technology enabled the measurement and documentation of huge numbers of features, modern statistical tools allowed the data to be
interrogated and understood in terms of principal components and multi-dimensional
models. The results suggest that those who made previous attempts to identify taxa
on the basis of bone microstructure may have failed because they did not (or could
not) consider combinations of components.
Beyond the details of statistics and multi-dimensional models, this work represents
a new perspective on and direction in taxonomic research. The implications of the
research will not only serve the paleo-community, but also the broader, international
scientific community that seeks to advance our knowledge of the delicate balance between the Earth’s environment and her inhabitants. There is much more exploratory
research on the taxonomic variation of bone microstructure to be done, but each new
study will add to a growing database of information that can be used to give us a
clearer view of the ecological past.
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Appendix A
Terms and Definitions
Basic Multicellular Unit (BMU) - The collection of cells involved in creating
secondary osteons during bone remodeling (Martin and Burr, 1989).
Cement Line - The boundary of uncertain composition that separates the secondary
osteon from the surrounding bone. Also referred to as the cement sheath (Locke, 2004)
or the reversal line.
Circumferential Lamellae-The layers of bone that underlie the periosteum and
endosteum, often in concentric form.
Eigenvalue-The change in length that occurs when the corresponding eigenvector is
multiplied by its matrix.
Eigenvector-A unit length vector that retains its direction when multiplied to the
matrix that it corresponds to. An (m x n) matrix can have as many as n unique
eigenvectors, each of which will have its own eigenvalue.
Endosteum- The layer of cells, connective tissue, and blood vessels lining the inner
face (medullary cavity) of hollow bones (Locke, 2004).
Interstitial lamellae - Derived from laminar bone, filling some of the space between
osteons after the loss of capillary network sheets (Locke, 2004).
Lamellae - Bone layers in both laminar and osteonic bone, each consisting of a 2050m thick layer of collagen fibers on which mineral salts may be deposited. The
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fiber orientation varies and often defines several types of bone such as woven, parallel
fibered, lamellar, and fibrolamellar (modified from Locke 2004.
Laminae - Primary bone made from 4-20 lamellae laid down between capillary network sheets and surviving as interstitial lamellae between osteons and in endosteal
and periosteal layers. Laminar bone is always primary (Locke, 2004). Laminar bone
texture has historically been called “primary lamellar” or “mature plexiform bone”
(Martin and Burr, 1989).
Osteoblast - Bone cells concerned with bone deposition.
Osteoclast - Bone cells concerned with bone resorption.
Osteocyte - A bone cell formed by the incorporation of an osteoblast into the bone
matrix.
Osteoid - Pre-osseus tissue, lamellae before ossification ((Locke, 2004).
Periosteum - The layers of cells, connective tissue, and blood vessels that protects
the outer surface of bones (Locke, 2004)
Primary Lacunae - a small space containing an osteocyte in bone or chondrocyte
in cartilage. In this dissertation the lacunae is designated “primary” if it is housed
within primary bone.
Primary Osteon - A cylinder of concentric lamellae around a tubular space, the
primary vascular canal, containing blood vessels. Primary osteons form along the
periosteal surface of bones nearing maturity and lack a cement sheath (Locke, 2004).
Secondary Lacunae - a small space containing an osteocyte in bone or chondrocyte
in cartilage. In this dissertation the lacunae is designated “secondary” if it is housed
within secondary bone.
Secondary Osteon - A replacement of laminar bone derived from capillary networks
and having a cement sheath defining the outer border (Currey, 1962). The basic
multicellular unit of bone remodeling (Parfitt, 1979). Also referred to as Haversian
systems.
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Tetrapod - Vertebrate animals having four feet, legs or leglike appendages. Amphibians, reptiles, dinosaurs/birds, and mammals are tetrapods. Snakes are also tetrapods
by decent and secondary loss of the limbs. The earliest tetrapods radiated from the
Sarcopterygii (lobe-finned fishes)
Volkmann’s canals - The radially oriented spaces with blood vessels connecting
capillary sheets and to a lesser extent, osteons. They are often diagonal to the long
axis of the bone (Locke, 2004).
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Appendix B
Diagnostic Characters in
Dinosaurian Species
Details of the dinosaurian species differences are given below. The most recently
designated species of each genus was used as the reference taxon. The number of
differences was calculated by the diagnostic features present in the most recently
named species that differed from all other species with that genus, unless otherwise
specified. The genera are listed in alphabetical order.

Amtosaurus
Species: A. magnus (Kurzanov and Tumanova, 1978); A. archibaldi (Averianov,
2002)
1. Three rather than two exits for N. hypoglossus (XII) in A. archibaldi.
2. Smaller angle between the ventral surfaces of the basioccipital and basisphenoid
(90 rather than 120) in A. archibaldi.
3. The basipterygoid processes more posteriorly placed in A. archibaldi

Apatosaurus
Species: A. ajax (Marsh, 1877); A. excelsus (Marsh, 1879); A. louisae (Holland,
1915); A. parvus (Upchurch et al., 2004)
1. Posterior dorsal centra are wider than high in A. parvus
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2. Acromial ridge at 90 degrees to the long-axis of the scapular blade in A. parvus
3. Medial proximal process of the ulna exceeds the length of the anterior proximal
process by at least 20% in A. parvus
4. There is constriction in the distal half of the shaft of McIII in A. parvus
5. Transverse and dorsoventral diameters of the distal end of Mc V are sub-equal
in A. parvus.

Camarasaurus
Species: C. supremus (Cope, 1876); C. grandis (Marsh, 1877); C. lentus (Marsh,
1889); C. lewisi (Jensen, 1988) see McIntosh et al. (1996)

1. very deep, narrow bifurcation of spines of presacral vertebrae persist back from
cervical 3 to dorsal 11 with a trace showing in dorsal 12 in C. lewisi
2. increased angle between axis of sacrum and ilium in C. lewisi
3. much more strongly developed ossified ligaments in the posterior dorsal and
particularly in the sacral regions linking the spine of one vertebra with the
diapophysis of the succeeding vertebra in C. lewisi
4. articular processes of the pre- and post-zygapophyses large and rectangular in
C. lewisi
5. heads of chevrons strongly bridged over with bone in C. lewisi
6. each chevron has two distinct articular surfaces of equal dimension in C. lewisi
7. the anterior chevron articular surface articulated with the preceeding vertebra
being horizontal in C. lewisi
8. the posterior chevron articular surface articulating with the succeeding vertebra
being oriented downward at an angle of 60 degrees in C. lewisi

Camptosaurus Species: C. dispar (Marsh, 1879); C. prestwichii (Marsh, 1879);
C. aphanoecetes (Carpenter and Wilson, 2008)
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1. mandibular symphasis short and more vertically oriented in C. aphanoecetes
2. coronoid process relatively taller in C. aphanoecetes
3. postzygapophyses of axis extend well beyond posterior face of centrum in C.
aphanoecetes
4. axis neural spine above postzygapophyses laterally compressed, not expanded
laterally to form deep pocket in C. aphanoecetes
5. cervical centra shorter compared to height, especially in mid-cervicals in C.
aphanoecetes
6. mid- and posterior cervical amphiplatyon to weakly plani-concave, not opistocoelus in C. aphanoecetes
7. cervical centrum 7 wedge-shaped in lateral view in C. aphanoecetes
8. neural arches of posterior cervical very tall in C. aphanoecetes
9. anterior dorsal centra shorter compared to height in C. aphanoecetes
10. anterior caudal centra not angled poasteroventrally in C. aphanoecetes
11. mid-caudal centrum with small chevron facet in C. aphanoecetes
12. mid-caudal neural spine long and slender in C. aphanoecetes
13. postzygapophyese located high on neural spine in C. aphanoecetes
14. scapular blade arched in profile, not straight, and distal end steeply sloped in
C. aphanoecetes
15. deltopectoral crest low triangle,not prominent in C. aphanoecetes
16. ilium with more vertical pubic penduncle in C. aphanoecetes
17. dorsal rim of ilium arched in C. aphanoecetes
18. prepubic process proportionally larger in C. aphanoecetes
19. postpubic process lower with rounded distal end in C. aphanoecetes
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20. pubis with posterior projecting iliac peduncle forming a large, acetabular notch
in C. aphanoecetes
21. ischium with small distal foot in C. aphanoecetes

Caudipteryx
Species: C. zoui (Ji et al., 1998); C. dongi (Zhou and Wang, 2000)
1. longer ilium in C. dongi
2. smaller sternal plates in C. dongi
3. different McI:McII ratio in C. dongi
4. ischium short in C. dongi

Centrosaurus
Species: C. apertus (Lambe, 1904); C. brinkmani (Ryan and Russell, 2005)
1. supraorbital horncores are inflated in C. brinkmani
2. horncores project laterally over the orbit in C. brinkmani
3. posterior parietal bar has a number of small accessory dermal ossifications that
fuse along the caudal and dorsal surfaces and contribute to the substance of P1
and P2 in C. brinkmani
4. accessory dermal ossifications can be variably developed as short spines that
may or may not be fused along their adjacent margins in C. brinkmani
5. P3 is variably developed as a short, tongue-like hook or tapered spike that is
dorsolaterally oriented in C. brinkmani

Chasmosaurus
Species: C. canadensis (Lambe, 1902); C. belli (Lambe, 1914); C. russelli (Sternberg,
1940); C. mariscalensis (Lehman, 1989); C. irvinensis (Holmes et al., 2001)
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1. transversely broad snout in C. irvinensis
2. nasal horn core short and transversely broad in C. irvinensis
3. brow horn absent in C. irvinensis
4. jugal notch on anterior squamosal broadly rounded and open in C. irvinensis
5. squamosal tapers little posteriorly, subrectangular in outline in C. irvinensis
6. squamosal projects almost directly laterally in C. irvinensis
7. Posterior parietal bar straight in dorsal and anterior aspects in C. irvinensis
8. posterior parietal bar projects only slightly posterior to the squamosal in C.
irvinensis
9. maximum diameter of the parietal fenestra less than the length of the preorbital
area of the skull in C. irvinensis
10. ten epoccipitals on the posterior parietal bar in C. irvinensis
11. lateral epoccipital low and shield-shaped in C. irvinensis
12. remaining eight epoccipitals nearly indistinguishably coossified together in C.
irvinensis
13. epoccipitals composed of flattened posterioventral laminae that wrap around the
back of the bar and larger laminae that curve strongly dorsally and anteriorly
over the bar in C. irvinensis

Chirostenotes
Species: C. elegans (Parks, 1933); C. pergracilis (Sues, 1997)

1. overall larger size in C. pergracilis
2. possession of a more elongate and shallower dentary in C. pergracilis
3. a proportionally longer mandibular symphysis in C. pergracilis
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4. the presence of a median ridge on the dorsal (lingual) aspect of the mandibular
symphysis in C. pergracilis

Diplodocus
Species: D. longus (Marsh, 1878); D. lacustris (Marsh, 1884); D. carnegii (Hatcher,
1901); D. hayi (Holland, 1924)

1. deeply excavated lower edge of the exoccipital in D. hayi
2. no frontanel on the upper surface of the skull in the parietal region in D. hayi

Dryosaurus
Species: D. altus (Marsh, 1878); D. lettowvorbecki (Virchow, 1919) see Galton
(1983)

1. weak first haemal arch in D. lettowvorbecki
2. larger humerus/scapula ratio in D. lettowvorbecki
3. strong distal intercondylar grooves in humerus in D. lettowvorbecki
4. strong olecranon process in D. lettowvorbecki
5. angular outline of distal end of ulna in D. lettowvorbecki
6. angular outline of distal end of radius in D. lettowvorbecki
7. larger length ratio of metatarsals I:III in D. lettowvorbecki
8. wide premaxilla/prefrontal suture in D. lettowvorbecki
9. the maxilla is rounded with a few large ridges at the palatine suture in D.
lettowvorbecki
10. different maxillary tooth count in D. lettowvorbecki
11. different dentary tooth count in D. lettowvorbecki
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12. small jugal margin of the antorbital fossa in D. lettowvorbecki
13. small palpebral in D. lettowvorbecki
14. straight anterior edge of postorbital in lateral view in D. lettowvorbecki
15. short anterior process of squamosal in D. lettowvorbecki
16. shorter median length of parietal in D. lettowvorbecki
17. deep excavation of the anterior edge of the paraoccipital process in D. lettowvorbecki
18. large foramen for the internal carotid artery in D. lettowvorbecki
19. gentle rounded edge of trigeminal foramen in D. lettowvorbecki
20. prominent rugosity below the trigeminal foramen on the prootic and basisphenoid in D.lettowvorbecki
21. large ratio of max length of skull to max width of skull in D. lettowvorbecki

Edmontonia
Species: E. longiceps (Sternberg, 1928); E. rugosidens (Gilmore, 1930)

1. wider palate in E. rugosidens
2. more prominent supraorbital boss in E. rugosidens

Haplocanthosaurus
Species: H. priscus (Hatcher, 1903); H. delfi (McIntosh and Williams, 1988)

1. overall larger in size in H. delfi
2. girdle bones more robust in H. delfi
3. femur more robust in H. delfi
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4. pubis heavier distally in H. delfi
5. distal end of ischium broader in H. delfi
6. ischium not rotated inward and not fused to its mate in H. delfi
7. v-shaped, anteriolaterally projecting laminae present on neural spines of middle
dorsals in H. delfi
8. greater development of the medial laminae on the posterior dorsal neural spines
in H. delfi

Gryposaurus
Species: G. notabilis (Lambe, 1914); G. incurvimanus (Parks, 1920); G. latidens
(Horner, 1992)

1. extremely wide dentary teeth in G. latidens
2. short dentary teeth in G. latidens
3. excavations on the ventral surface of the premaxillae for union of the anteroventral maxillary processes of the maxillae in G. latidens

Iguanodon
Species: I. anglicus (Holl, 1829); I. bernissartensis (Boulenger, 1881); I. dawsoni
(Lydekker, 1888); I. fittoni (Lydekker, 1889); I. atherfieldensis (Hooley, 1925); I.
lakotaensis (Weishampel and Bjork, 1989)

1. supraoccipital incised beneath the parietal and squamosals in I.lakotaensis
2. loss of median ridge on supraocciptial in I. lakotaensis
3. single aperture for both branches of the facial nerve in I.lakotaensis
4. relatively large antorbital fenestra in I. lakotaensis
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5. loss of contact between the maxilla and lacrimal at the jugal-maxilla articulation
in I. lakotaensis
6. relatively small maxillary teeth in I. lakotaensis
7. relatively small dentary teeth in I. lakotaensis
8. few maxillary tooth families in I. lakotaensis
9. low tooth density in I. lakotaensis
10. reduced z-spacing and longer wave of alternating teeth from the back of the
jaws in the mandibular dentition. In I. lakotaensis

Lambaeosaurus
Species: L. lambei (Parks, 1923); L. magnicristatus (Sternberg, 1935)

1. skull moderately massive in L. magnicristatus
2. hood very long, high and thin superiorly in L. magnicristatus
3. facial slope gentle anteriorly, then very sharply upturned and thrown strongly
forward in L. magnicristatus
4. upper part of premaxilla expanded to cover narial slit far forward in L. magnicristatus
5. upper limb of premaxilla developed into very high, thin crest above narial passage in L. magnicristatus
6. up-turned lower lip of premaxilla very large, strongly swollen and thrown sharply
forward in L. magnicristatus
7. diagonal groove across lower limb not well-defined in L. magnicristatus
8. nasal extending backward as narrow process to flank the premaxilla posteriorly
in L. magnicristatus
9. orbit broadly rounded superiorly in L. magnicristatus
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10. prefrontal well-developed and flanking over lower limb of premaxilla and tip of
nasal in L. magnicristatus
11. 1 ilium of light construction, moderately down-curved and thin interno-externally
in L. magnicristatus

Leptoceratops
Species: L. gracilis (Brown, 1914); L. cerorhynchus (Brown and Schlaikjer, 1942)

1. Nasal proportionally large in L. cerorhynchus
2. nasal deep and heavy in L. cerorhynchus
3. very well-developed horn core in L. cerorhynchus
4. dentary long in L. cerorhynchus
5. dentary with a straight ventral margin in L. cerorhynchus

Microraptor
Species: M. zhaoianus (Xu et al., 2000); M. gui (Xu et al., 2003)

1. prominent biceps tuberocity on radius in M. gui
2. much shorter manual digit I in M. gui
3. strongly curved pubis in M. gui
4. bowed tibia in M. gui

Melanorosaurus
Species: M. readi (Haughten, 1924); M. thabanensis (Gauffre, 1993)

1. fourth trochanter on femur oblique in M. thabanensis
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2. fourth trochanter far from the medial edge in M. thabanensis
3. lesser trochanter far from medial edge in M. thabanensis

Ornithomimus
Species: O. velox (Marsh, 1890a); O. edmontonicus (Sternberg, 1933)

1. O. edmontonicus is a larger specimen
2. O. edmontonicus is more gracile
3. ascending astragalus process is longer and narrower in O. edmontonicus
4. metatarsals relatively longer in O. edmontonicus

Parasaurolophus
Species: P. walkeri (Parks, 1922); P. tubicen (Wiman, 1931); P. cyrtocristatus (Ostrom, 1961)

1. cranial crest of P. cyrtocristatus is approximately 1/3 the length
2. cranial crest curves strongly downward behind the occiput in P. cyrtocristatus

Pinacosaurus
Species: P. grangeri (Gilmore, 1933); P. mephistocephalus (Godefroit et al., 1999)

1. Two pairs of premaxillary foramina leading to premaxillary sinuses in P. mephistocephalus
2. “gland” opening facing rostrally in P. mephistocephalus
3. both lower and upper premaxillary foramina much smaller than “gland” opening
in P. mephistocephalus
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4. external nares only visible in dorsal view in P. mephistocephalus

Plateosaurus
Species: P. engelhardti (Meyer, 1837); P. gracilis (Huene, 1908) see also Yates (2003)

1. proximodistally narrow neural spines on the proximal caudal vertebrae in P.
gracilis
2. retaining a larger and sharply defined brevis shelf on the ilium in P. gracilis

Polacanthus
Species: P. foxii (Hulke, 1881); P. rudgwickensis(Blows, 1996)

1. P. rudgwickensis is significantly larger (30%) than P.foxii
2. large, robust dorsal vertebrae with wide, round centrum faces (smaller with
slightly heart-shaped faces in P. foxii)
3. anterior caudal vertebrae with tall, round articular faces (slightly heart-shaped
in P. foxii)
4. lateral processes with two inferior ridges merging into the centrum margins
forming a depression between them (absent in P. foxii)
5. one superior ridge occupying almost the entire centrum length and forming a
tall neural arch (less well developed in P. foxii)
6. scapular spine close to dorsal border in P. rudgwickensis
7. large, deep posterior ribs (smaller in P. foxii)
8. long tibia (shorter in P. foxii)
9. massive, presacral dermal spines with rounded bases that are solid over the
posterior end in P. rudgwickensis
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10. ventrally hollowed and very thin rounded roof-shaped scutes with tall dorsal
keel (unknown in P. foxii)

Prosaurolophus
Species: P. maximus (Brown, 1916); P. blackfeetensis (Horner, 1992)

1. nasal excavation which is formed entirely by the nasal in P. blackfeetensis
2. nasal excluding the prefrontal and premaxilla in P. blackfeetensis

Protoceratops
Species: P. andrewsi (Granger and Gregory, 1923); P. hellenikorhinus (Lambert
et al., 2001)

1. ventral edge of the dentary straight in P. hellenikorhinus
2. caudal edge of the angular formed by a caudally facing triangular surface in P.
hellenikorhinus
3. long projection of the squamosal contacting the quadratojugal in P. hellenikorhinus
4. straight and strongly reduced longitudinal ridge on maxilla in P. hellenikorhinus

Psittacosaurus
Species: P. mongoliensis (Osborn, 1923); P. osborni (Young, 1930); P. sinensis
(Young, 1958); P. youngi (Chao, 1962); P. guyangensis(Cheng, 1983); P. xinjiangensis (Sereno and Chao, 1988); P. meileyingensis (Sereno and Chao, 1988); P. neimongoliensis (Russell, 1996); P. ordosensis (Russell, 1996); P. mazongshanensis (Xu,
1997); P. sibiricus (Voronkevich et al., 2000)

1. skull width exceeds skull length in P. sibiricus
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2. premaxillary maximum length to height ratio less than 60% in P. sibiricus
3. postorbital with short medial process in P. sibiricus
4. postorbital has no contribution to the orbital margin in P. sibiricus
5. jugal with deep cleft for quadratojugal extending to posterior face of jugal horn
in P. sibiricus
6. angular with prominent angular tuber in P. sibiricus
7. 23 presacral vertebrae in P. sibiricus

Rhabdodon
Species: R. priscus (Matheron, 1869); R. septimanicus (Buffetaut and Le Loeuff,
1991)

1. stronger lateral concave curvature of the dentary in R. septimanicus
2. no shelf located lateral to the tooth row in R. septimanicus
3. coronoid process not displaced laterally in R. septimanicus

Ricardoestesia
Species: R. gilmorei (Currie et al., 1990); R. isosceles (Sankey, 2001)

1. teeth shaped like isosceles triangles in lateral view in R. isosceles
2. in basal cross-section, tooth is a labio-lingually compressed oval R. isosceles
3. denticles minute, square, uniformly sized from base to tip in R. isosceles
4. Anterior denticles often considerably smaller than posterior denticles in R.
isosceles
5. Interdenticle spaces minute and barely visible, denticles closely spaced in R.
isosceles
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6. Denticle tips straight or faintly rounded, but not pointed in R. isosceles
7. 7-11 denticles/mm in R. isosceles

Saurolophus
Species: S. osborni (Brown, 1912); S. angustirostris (Hu, 1973); see Maryanska and
Osmolska (1981)

1. Narrower skull in S. angustirostris
2. longer crest in S. angustirostris
3. relatively smaller length of the maxillary dental battery in S. angustirostris
4. longitudinal bony septum present in S. angustirostris
5. irregular chambers on the anterior surface of the crest in S. angustirostris
6. size of external nares in S. angustirostris
7. position of external nares in S. angustirostris
8. shorter lacrimal in S. angustirostris
9. elongated anterior jugal in S. angustirostris
10. more bowed quadrate in S. angustirostris
11. straight scapula in S. angustirostris
12. radius almost equals humerus in S. angustirostris
13. 8 sacrals in S. angustirostris
14. long, curved preacetabular process in S. angustirostris
15. postacetabular process tapering backwards in S. angustirostris
16. gently bowed lower and upper edges of the prepubis in S. angustirostris
17. pes approximately 1/3 femur length in S. angustirostris
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18. MtIII/femur ratio larger in S. angustirostris
19. Ph III-2/ Ph III-1 ratio larger in S. angustirostris

Saurornithoides
Species: S. mongoliensis (Osborn, 1924a); S. junior (Barsbold, 1974)

1. S. junior is 3 times larger than S. mongoliensis
2. S. junior and S. mongoliensis have difference dental formulas

Sphaerotholus
Species: S. buchholzae (Williamson and Carr, 2002); S. goodwini (Williamson and
Carr, 2002)

1. caudal view of skull in S. goodwini possesses a parietosquamosal bar that reduces in depth laterally to a lesser extent than S. buchholzae
2. the parietal is reduced to a thin slip between the squamosals in S. goodwini

Spinosaurus
Species: S. aegyptiacus (Stromer, 1915); S. maraccanus (Russell, 1996)

1. difference length/height ratio in the mid-cervical vertebrae of S. maraccanus

Struthiosaurus
Species: S. austriacus (Bunzel, 1871); S. transylvanicus (Nopsca, 1915); S. languedocensis (Garcia and Pereda Suberbiola, 2003)

1. S. languedocensis is a small-sized nodosaurid
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2. ischium directed immediately caudal to the acetabulum in S. languedocensis
3. distal dorsal centra very compressed laterally and hour-glass shaped in S. languedocensis

Syntarsus
Species: S. rhodesensis (Raath, 1969); S. kayentakatae(Rowe, 1989)

1. paired cranial crest formed by lacrimal and possibly nasal in S. kayentakatae
2. fusion of fibula to the calcanuem in S. kayentakatae

Titanosaurus
Species: T. indicus (Lydekker, 1877); T. blanfordi (Lydekker, 1879)

1. caudal centra cylindrical with no signs of lateral compression in T. blanfordi
2. transverse diameter of articular surfaces wider than the vertical diameter in T.
blanfordi
3. facets for articulation of chevron bones not placed on distinct ridges of bone in
T. blanfordi

Valdosaurus
Species: V. canaliculatus (Galton, 1975); V. nigeriensis (Galton and Taquet, 1982)

1. proximal end of lesser trochanter of femur below that of the greater trochanter
in V. nigeriensis
2. deep medial pit on shaft is separated from the base of the fourth trochanter by
a raised area in V. nigeriensis
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Velociraptor
Species: V. mongoliensis (Osborn, 1924a); V. osmolskae (Godefroit et al., 2008)

1. Long, rostral plate of maxilla with elongation index = 38 in V. osmolskae
2. Promaxillary fenestra subequal in size to the maxillary fenestra in V. osmolskae
3. Promaxillary fenestra tear-drop shaped in V. osmolskae
4. long axis of the promaxillary fenestra perpendicular to the dorsal border of the
maxilla in V. osmolskae
5. long axis of maxillary fenestra parallel to the dorsal border in V. osmolskae
6. Ten maxillary teeth with short, unserrated carina on the apical side of mesial
edge in V. osmolskae
7. incipient serrations on distal carina of maxillary teeth in V. osmolskae

Zalmoxes
Species: Z. robustus (Nopsca, 1900); Z. shqiperorum (Weishampel et al., 2003)

1. dentary has a wide, angular buccal emargination that forms a horizontal platform extending for the full length of the dentition behind and medial to the
coronoid process in Z. shqiperorum
2. a scapular blade that is narrow and strap-like proximally and expands sharply
posterodistally in Z. shqiperorum
3. expansion of the region adjacent to the coracoid suture and acromial process in
Z. shqiperorum
4. the acromial process forms a prominent flange in Z. shqiperorum
5. an ischium with a boot-like distal expansion in Z. shqiperorum
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Appendix C
Determination of Longitudinal
Orientation
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Figure C.1: A series of schematics representing cylindrical microstructural bodies
(secondary osteons, Haversian canals, primary vasculature). The angle Θ is the
angle that the cylindral microstructural body deviates from parallel with the
longitudinal axis of the diaphysis. The variable r is equal to the radius of the minor
axis of the microstructure and R is equal to the radius of the major axis of the
microstructure.
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Figure C.2: Θ is determined using a derivation of the Pythagorean Theorem
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